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ABSTRACT 
SELECTION OF PRESSURE EQUATION FOR PRELIMINARY 
PLANING HULL DESIGN USING MODIFIED ANALYTICAL 
HIERARCHY DESIGN 
Pamela Sue Fergen 
Old Dominion University, 2009 
Co-Directors of Advisory Committee: Dr. G. Hou 
Dr. H. Bao 
In the early stages of design when data availability is limited, engineers often 
times rely upon experience and regression analysis to select the most suitable design 
equation among many competitive ones. This study presents an alternative that applies a 
modified Analytical Hierarchy Process (AHP) to select the most suitable design equation. 
The Analytical Hierarchy Process, a multi-criteria decision making method, has been 
utilized in the business and management world to collect and evaluate experts' opinions 
in order to arrive at a final decision. The Analytical Hierarchy Process employed here 
will treat each of the design equations as an expert and allow the decision maker to 
evaluate and weight the opinions of the experts. Selecting an impact pressure equation 
among seven semi-empirical and three classification societies' design equations for 
planing hull design is used as an example to facilitate the study presented in this 
dissertation. 
The criteria and their associated weights that make up the decision making 
hierarchy of the Analytical Hierarchy Process are first established, with which the overall 
weighting coefficients can be computed to rank the candidate design equations. A 
i i i 
preview sensitivity analysis is applied to screen out unfavorable design equations. The 
Analytical Hierarchy Process is then applied to select the most suitable impact pressure 
equation for twenty planing hulls. Next, a post sensitivity analysis is applied to ensure the 
robustness of the decision process. The results of such selection are compared with those 
of full scale test data. The implemented Analytical Hierarchy Process accurately selects 
the optimal pressure equation for fifteen of the twenty test cases. While it fails to select 
the best pressure design equation for the other five cases, it does provide 
recommendations that can lead to the selection of the right design equation. 
This study has demonstrated that the Analytical Hierarchy Process holds potential 
to be effective not only in selecting a suitable pressure equation for planing hull design 
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1.1 MOTIVATION AND OBJECTIVES 
1.1.1 Motivation 
Marine vessels have undergone considerable design changes over the last fifty 
years. Vessels are now capable of operating in elevated sea conditions and at increased 
speeds. This evolution has led to significant challenges in the structural design of today's 
high-speed planing craft. The design of such high-speed craft must incorporate a concept 
known as seaworthiness. A vessel that is seaworthy is one that can perform at a known 
sea condition while providing crew comfort and maintaining structural integrity. In order 
to determine the minimum scantlings required to maintain structural integrity of high 
performance craft, a method to accurately predict the hydrodynamic bottom loading is 
needed. Several advanced methods to predict pressure loading of planing craft have been 
developed over the last fifty years. Various surveys have been conducted in which the 
methods have been reviewed and compared in order to ascertain the most accurate 
method. To date, no industry standard exists, and it is left to the designer to choose a 
method for calculating bottom loading. The Analytical Hierarchy Process, a decision 
making process, provides the designer with a model that allows for comparison of the 
alternative methods. The designer specifies model inputs based on vessel characteristics 
that are readily available in the early stages of design. Application of the Analytical 
Hierarchy Process leads to the selection of the optimal pressure equation for use in the 
preliminary design of a particular planing hull. 
The journal model for this dissertation is the AIAA Journal 
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To understand the challenge of designing a high-speed craft, the hydrodynamic 
loads are described. These loads, a result of slamming pressures created by waves, 
increase with speed. Each wave produces a unique loading as seas are highly complex 
and irregular. As the craft encounters a wave, an impulse type impact pressure is 
produced. The initial impact, with the assumption of zero heading, will normally occur 
along the keel and at a longitudinal location determined by the wave. The load then 
spreads laterally over the bottom of the vessel, decaying with time. The peak impact 
pressure, occurring after initial impact, is transient and highly localized. This peak 
normally occurs between the forward quarter point and amidships. A greater portion of 
the hull bottom is subjected to lower pressures, which contribute to a higher percentage 
of the total hydrodynamic load than that of the peak pressure. 
The designer does not have access to pressure data obtained from full scale testing 
of a particular vessel to use in the design of scantlings. Because of this, the designer must 
rely on information pertaining to hydrodynamic loading. Statistical methods once used in 
the design of displacement craft can no longer be used in the dynamic problem of planing 
craft. The methods developed to address hydrodynamic loads of planing craft range from 
those based solely on experience to those based on observation and experimentation. 
Each method outlines the hull parameters to which their method should be applied. For 
example, some methods are based on the full scale testing of one vessel and specify they 
should be applied to similar vessels, while others are based on surveys and specify they 
can be applied to a wide range of vessels. Along with providing a pressure equation, 
many methods require the use of graphs to determine the value of input variables. Some 
methods rely on the designer's ability to predict such variables. Numerous uncertainties, 
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hydrodynamic and structural, are incorporated into the calculations. The pressure 
prediction methods combine loading of the peak impact pressure with that of the lower 
distributed pressures to create an equivalent static pressure. The equivalent static pressure 
is that which would result in the same structural response as that of impact with waves. 
This design pressure, the equivalent static pressure, is used in the development of 
structural components. 
The pressure prediction equations, when applied to a hull with a given set of 
specifications, result in a wide range of design pressure values. Several experts in the 
marine field have compared the different equations available using methods such as 
regression analysis, recommending the one which they feel will provide the most 
accurate calculation. Their approach presupposes that one equation should be used for all 
planing vessels; however, full scale testing data has shown that no one equation best 
predicts the impact pressure loading for all vessels. Thus, the need for a decision making 
method that will allow designers to select the optimal pressure equation for a new vessel 
design is apparent from the literature on planing vessels. 
Several decision making methods, typically used in business management 
applications, exist whereby the optimal alternative is selected from multiple alternatives 
in order to reach a goal. Four different multi-criteria decision making methods were 
evaluated in order to select the appropriate model for this study. The Fuzzy Multiple 
Attribute method determines and incorporates criteria, weights and alternatives to create a 
model for decisions made in fuzzy, those not clearly defined, environments [1]. Another 
decision making method uses a Utility Function to represent the preferences of the user 
and rank each package of a consumption set [2]. The Decision Tree method uses a graph 
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of decisions and their possible outcomes to identify the path most likely to reach a goal 
[3]. Finally, the Analytical Hierarchy Process is a method that gathers information from 
experts in order to establish criteria and their associated weights [4]. The Analytical 
Hierarchy Process was chosen, from those methods reviewed, in order to develop a 
model for selecting the optimal pressure prediction equation. 
The Analytical Hierarchy Process was selected for this study as it provides several 
benefits. One benefit is that it arranges the objective, criteria and alternatives in a 
hierarchical structure, showing the interaction of the elements and facilitating the 
decision making process. The process also easily combines qualitative and quantitative 
criteria into the decision model through the use of pairwise comparisons. Finally, this 
method was chosen as it provides a means for analyzing the comparison matrix 
judgments through use of a consistency ratio. 
1.1.2 Objectives 
The overall objective of this research is to investigate how the Analytical 
Hierarchy Process can provide a means of comparing the pressure prediction methods 
available and how it can allow the designer to select the appropriate pressure equation for 
use in the design of a specific planing hull. The Analytical Hierarchy Process will be used 
in a nontraditional fashion to show its application in engineering designs. In this work, it 
will be shown that the process not only depicts the optimal pressure equation, but it also 
indicates why that particular method is best. It will be shown that the attributes of each 
method are quantified when determining the weights, providing valuable information to 
the designer. The process will prove to lend itself well to this type of application, as there 
is room for negotiation with regard to the pressure equation selection in the early stages 
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of design. The results of the process model will be compared to available full scale test 
data in order to validate the model. The effects of uncertainty in equation parameters will 
be studied. Appropriate sensitivity analyses will be outlined and conducted in order to 
establish credibility of the model. Specific goals of this research include: 
1. To formulate a methodology capable of developing a decision making 
hierarchy, analyzing pressure prediction methods, and deriving the optimal 
solution. To apply the formulation to full scale testing data and compare 
results. 
2. To show how the Analytical Hierarchy Process can be used, in an engineering 
application, to develop the framework for selecting the most robust design 
equation. 
3. To conduct preview and post sensitivity analyses of the methodology and 
indicate the strengths and weaknesses of each design equation. 
Knowledge of the Analytical Hierarchy Process is needed to understand the 
formulation established in this work. Accordingly, for completeness, basic concepts of 
the Analytical Hierarchy Process are presented concisely in the section 1.4. 
1.2 LITERATURE REVIEW FOR PLANING HULL PRESSURE 
This section contains a literature review of classification society rules and papers 
related to hydrodynamic bottom loading of vessels and methods developed to predict 
planing hull pressure. A review of published results from full scale testing is also 
presented. This review is not an all-encompassing review of available methods but a 
survey to provide an adequate background in the evolution of prediction methods and to 
establish those methods that will be compared in this research. The reader is directed to 
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the referenced publications for further information on topics reviewed throughout this 
section. 
1.2.1 Classification Society Rules 
The American Bureau of Shipping [5] develops guides, rules, and standards to be 
used in the design and construction of marine vessels. Engineering principles, theoretical 
research and experience are used in the guide's development. Part 3, Section 8 of the 
ABS rules for high speed craft defines design pressures. Equations for both bottom 
slamming pressure and hydrostatic pressure are provided within this section. The bottom 
structure design pressure is chosen as the greater of the two pressures. 
Det Norske Veritas [6] publishes a set of rules, established by a society, for the 
classification of high speed, light craft. The primary goal of classification is to outline the 
standards for design, construction and testing of craft and to define requirements for the 
retention of such classification through service compliance. The classification has gained 
worldwide recognition, taking safety of life, property and environment into account, as 
well as ensuring ship quality. Design pressures are discussed in Part 3, Chapter 1, 
Section 2 of the rules. All ships are evaluated for bottom slamming pressure, pitch 
slamming pressure and sea pressure with the maximum pressure designated as design 
pressure. 
Lloyd's Register [7], a corporation under the direction of a General Committee, 
publishes a set of rules for the classification of service craft, including high speed craft. 
All new craft built in accordance with the rules will be assigned a class that can be 
maintained after construction if found to be in compliance with the rules during periodic 
surveys. Local design loads are covered in Part 5, Chapter 2 of Volume 3 where 
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pressures, including hydrostatic and hydrodynamic loads, and impact loads, are specified. 
The design pressure is chosen as the greater pressure as defined in the design criteria 
section within the rules. 
1.2.2 Hydrodynamic Loading and Pressure Prediction Methods 
Hydrodynamic loads and their corresponding pressures have been the subject of 
numerous papers over the last five decades. Some publications are strictly theoretical 
while others combine experimental results with theory, all advancing the industry's 
knowledge on the subject of planing hull pressure. One of the earliest works on the 
subject is the classic paper by Heller and Jasper [8] published in 1960. In this work, the 
authors used full scale pressure data acquired by Jasper [9] to derive an equation for 
bottom loading of planing hulls. The method was the first of its kind to use a semi-
empirical approach to develop equivalent static design loads to be used in the design of 
scantlings. Before this, hull design was often based on prior experience or personal 
preferences. Heller and Jasper were able to make several original contributions as a result 
of the data collected. They were the first to find that the magnitude of pressure at each 
location on the bottom of the hull was a function of longitudinal location, the maximum 
pressures occurring between the first quarter-point and amidships. They also concluded 
that while the maximum pressure will occur in a small region within this impact area, 
much larger sections of the hull will experience lower pressures. These lower pressures 
will make up a greater percentage of the total hydrodynamic pressure. Finally, after 
plotting and reviewing multiple pressure distributions, Heller and Jasper determined that 
the typical impact, over the girth from keel to chine, could be approximated by a versed 
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sine wave. One major drawback to the proposed pressure prediction method was the need 
for the designer to be able to provide the acceleration at the longitudinal center of gravity. 
A simplified method for the determination of design pressure, one in which there 
are only two input variables, was proposed by Danahy [10] in 1968. In this work, vessels 
capable of speeds over 30 knots were addressed. A subsequent method by Spencer [11] 
combined running trim data published by Savitsky [12], acceleration curves developed by 
Fridsma [13] and the pressure equation from Heller and Jasper [8]. In reference 11, 
published in 1975, a survey of crewboats was conducted in order to establish typical 
vessel parameters. A computer program was then used to perform regression analysis and 
derive an expression for the impact pressure. 
A review of the studies conducted by the Davidson Laboratories was written by 
Savitsky and Brown [14] in 1976. This reference made design procedures for planing 
craft available to small boat designers, as many of the studies had previously been 
classified. A more extensive review of pressure prediction methods used in the design of 
planing craft was discussed by Silvia [15]. Reference 15 includes recommendations as to 
which method to use based on the length and speed of the vessel. At the same time, a 
complete document on seakeeping considerations was provided to assist the designer in 
making key technical design decisions [16]. Shortly after, a study was conducted on the 
analytical methods available and their correlation to model and full scale testing [17]. The 
study was intended to aid the designer and encourage future research in the area of 
planing craft. Results showed that current acceleration methods over predict the actual 
values. 
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An advanced method for predicting design limit pressures was given by Allen and 
Jones [18] in 1978. The method outlined in reference 18 is based on full scale testing of 
the CPIC-X and theoretical studies conducted over ten years. Information gained by 
Allen and Jones allowed for the development of a simplified method that uses only the 
impact force, reference area and pressure area curves in order to predict impact pressure. 
Many experts in the marine field found this new method to supersede the method 
proposed by Heller and Jasper [8]; however, Allen and Jones' work did verify many of 
the conclusions made in the earlier work. 
In 1982, Spencer and Henrickson [19] developed a new method to determine 
hydrodynamic loading using the same works found in Spencer's [11] previous paper. In 
reference 19, the authors examined multiple hull parameters of a large number of 
crewboats built over several years. A series of regression analyses was performed to 
determine which combination of parameters was needed to best predict impact pressure. 
It was found that impact pressure expressed as a function of two parameters, overall boat 
length and normal loaded displacement, gave the best fit. The equivalent design pressure 
equation included the concepts of an impact reference area and a longitudinal distribution 
factor as did many of the preceding works. 
Angeli [20] reexamined the work of Heller and Jasper in 1982. In reference 20, 
the value of the acceleration at the center of gravity, offered by Heller and Jasper, was 
studied and found by the author to be inaccurate. A revision to the impact pressure 
equation proposed by Heller and Jasper was provided, as well as notes on the author's 
preference for deriving the value of acceleration. 
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One of the latest methods of pressure prediction, published in 1995, was written 
by Koelbel [21]. In this paper, the uncertainties apparent in existing methods are defined 
and a new procedure for calculating impact pressure is developed. An acceleration table, 
constructed after review of several theories, is provided in order to aid the designer in 
selecting an appropriate value for vertical acceleration. 
A thesis on the subject of impact pressure of planing craft was submitted by 
Grimsley [22] in 1998. An extensive review of pressure prediction methods along with a 
broad examination of available full scale data was presented in reference 22. Regression 
analysis was used to predict which of the seven expert methods and three classification 
society methods surveyed would give the best prediction of impact pressure. This was 
done after pressure was calculated for each of the methods and the results compared to 
those of actual full scale tests. The study concluded that the Allen and Jones method gave 
the most accurate forecast. 
1.2.3 Full Scale and Model Testing 
One of the earliest full scale tests was conducted in 1949 on a torpedo boat, the 
YP110, at high speeds and in rough seas [9]. The tests, conducted by Jasper, included the 
acquisition of pressure, speed, vertical acceleration and stress data. The collected data 
was later used by Heller and Jasper to develop a pressure prediction method. 
In 1955, shortly after Jasper conducted his test at the David W. Taylor Model 
Basin, another test was conducted at the same site [23]. In this reference, it was 
concluded that hydrodynamic pressures acting on the hull's bottom may be considered 
static for the purpose of calculating design pressure due to the length of time the impact is 
felt. A few years later, a 36 foot landing craft, the LCP-L MK 4, was tested [24]. In 
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addition to providing valuable full scale data, this test showed a direct correlation 
between maximum bow acceleration and maximum impact pressure. 
Testing of the coastal patrol interdiction craft, CPIC-X, was conducted in 1974 
[25]. The objectives of the test were to measure impact loading and verify results with 
prediction theories available at the time. Following this, a Navy requirement which called 
for performing technical evaluations of new high-performance craft, brought about full 
scale tests [26]. The analysis of the test included comparison of acceleration data 
obtained from the test to data obtained from models. Prediction methods and model data 
were shown to over-predict actual full scale acceleration measurements in the testing of 
the CPIC-X and the naval vessel. 
In 1983, Jones [27] presented hydrodynamic loading data resulting from tests 
conducted on pleasure craft. The vessels were equipped with instrumentation to read 
pressure, acceleration and deflection. These tests were conducted in order to better 
understand hydrodynamic loading of pleasure craft and develop lighter constructed 
scantlings. 
The U.S. Coast Guard [28] administered a thorough structural analysis of the 
Island Class Patrol Boat and published the results in 1988. Because the craft would be 
operating in a diverse and often severe environment, the effect of varying sea states and 
velocities was studied. The analysis included the development of finite element models, 
1/20111 scale model tests and full scale tests. In reference 28, hydrodynamic pressure 
values along the 5-foot buttock line are graphed for 6 and 10 foot wave heights with 
velocities ranging from 12 to 36 knots. This procedure was done for both a light (295,800 
lbs) and heavy (361,500 lbs) load. 
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1.3 LITERATURE REVIEW FOR ANALYTICAL HIERARCHY PROCESS 
This section contains a literature review of the Analytical Hierarchy Process. A 
survey of various industries' implementation of the Analytical Hierarchy Process is 
presented. This review is not an exhaustive examination of the subject matter; therefore, 
the reader is directed to the referenced publications for more details on topics reviewed 
throughout this section. 
The Analytical Hierarchy Process was first introduced by Saaty [4] in 1980. In 
this reference, the process theory and the methodology were outlined in great detail. 
Several examples were also provided, illustrating the importance of hierarchies and 
showing the applicability of the process to a wide range of problems. Since his book was 
published, Saaty has written several papers on the subject. He teamed with colleagues to 
publish a paper [29] on intangible resource allocation using linear programming. In this 
reference, a clustering technique, which includes a pivot to an adjacent cluster, allows for 
assigning pairwise comparisons when the 1-9 scale is not adequate. 
Noh and Lee [30] studied three different multi-attribute decision making methods 
with the objective of comparing the methods and determining the most accurate and 
easiest technique. All methods studied gave the same order of significance to the 
alternatives but many differences between the procedures were noted. During the process, 
it was observed that the return rate of Analytical Hierarchy Process questionnaires 
lessened and the inconsistency rose as the number of pairwise comparisons increased. A 
subsequent study by Scott [31] provided a means for quantifying uncertainly within the 
Analytical Hierarchy Process. Ishizaka and Lusti [32] studied four priority derivation 
methods in order to determine the optimal one. In reference 32, it was concluded that no 
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scaling technique was better than another and that the decision makers should take other 
considerations into account, such as ease, when choosing a method. Various software 
aids have been developed for use with the Analytical Hierarchy Method, for example, 
Moreno-Jimenez et al. [33] used software to check for consistency in group decision 
making. 
The Analytical Hierarchy Process is a multi-criteria decision making tool used to 
resolve challenges within the areas of engineering, business and science, to name a few. 
In 1997, Triantaphyllou et al. [34] conducted a sensitivity analysis on the decision criteria 
used to create an Analytical Hierarchy Process model for maintenance decision making. 
In this study, a method was developed to find the most critical criterion. It was explained 
that although intuition may lead one to believe that the criterion receiving the highest 
weight is most critical, it is actually the criterion that causes the greatest change in the 
alternative rankings after undergoing small changes to its own weight. It was found that 
the Analytical Hierarchy Process, along with a sensitivity analysis, could be used to 
assess the importance of the maintenance criteria and better understand the complex 
problem. A new approach to selecting manufacturing technology, incorporating the use 
of the Analytical Hierarchy Process, was presented by Punniyamoorthy and Ragavan 
[35]. In this reference, an objective factor weightage, determined by industry, was used. 
Sensitivity analysis was then carried out to determine the value of the objective factor at 
which the preference for a particular alternative changed. The Analytical Hierarchy 
Process was also used by Cimeren et al. [36] in the evolution of a machine tool selection 
procedure. In this reference, the methodology is combined with other decision-making 
analyses, to allow for an accurate solution. Bascetin [37] used the Analytical Hierarchy 
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Process to select a reclamation method for the design and planning of an open-pit mine. 
This process was used as it allowed the evaluation team to systematically visualize the 
problem in terms of all criteria levels and determine appropriate priorities. It also allows 
the team to easily revise the structure, adding additional criteria, if needed. In reference 
37, the five-point rating system was used to help the decision team save time that would 
have been expended making several pairwise comparisons. The Analytical Hierarchy 
Process was used by Adhikari [38] to select a scheduling delay analysis method. The 
process allowed for focus to be placed on the objectives rather than the alternatives and 
for all information from the team members to be incorporated into the final decision. 
Escobar et al. [39] combined the Analytical Hierarch Process with count methods to 
depict the uncertainty of the team and perception held by the individuals of the decision 
team. The procedure developed was able to capture the connection between the 
alternatives. Gargallo et al. [40] developed a Bayesian approach to determining the 
priorities within the Analytical Hierarchy Process. This new methodology can be used 
when there is a large team of decision makers and there is no requirement of consensus 
among the individual team members. A safety assessment of a power plant, using the 
Analytical Hierarchy Process, was conducted by Yang et al. [41]. Reference 41 looked at 
expert knowledge and how subjectivity within expert judgments could be reduced by 
eliciting opinions from a large expert base. Chang et al. [42] used the Analytical 
Hierarchy Process to select the optimal slicing machine in terms of precision. An 
algorithm was developed that could be easily adapted to solve other complex 
manufacturing challenges. 
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1.4 ANALYTICAL HIERARCHY PROCESS FOUNDATIONS 
The Analytical Hierarchy Process is a multi-criteria decision making process in 
which the decision problem is structured into several levels so that decisions are made 
systematically. The technique allows decision makers to combine qualitative and 
quantitative criteria into one selection process using weights. Information is provided to 
a decision maker, or team, who then evaluates and integrates the information in order to 
determine the optimal solution or ranking of the alternate solutions [43]. In this work, a 
modified Analytical Hierarchy Process is used to determine the optimal pressure 
prediction method for a particular boat given certain specifications. Hence, the 
fundamentals of the Analytical Hierarchy Process and the method of evaluating the 
results are introduced along with the modifications made to the process. 
1.4.1 Analytical Hierarchy Process Steps 
The first step in the decision making process is to analyze the problem and define 
the objective. The problem can be viewed as a system which can be broken down into 
smaller subsystems consisting of key elements [4]. One of the most important tasks is to 
define the elements, within the system, that need to be included in the decision process. A 
sufficient amount of data should be analyzed, taking great care not to make the problem 
too complex. Once the elements are chosen, the system is then arranged in a hierarchical 
structure consisting of various levels of subsystems. The top level of the hierarchy is the 
objective or primary goal of the process. The bottom level consists of the alternatives 
available in reaching that goal. Between the top and bottom levels lie the criteria and sub-
criteria (possibly multiple) levels. In a simplistic hierarchy structure, such as the one in 
this study, elements within the same level will be independent of one another and only 
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influence elements on the level above it. The hierarchy, or system breakdown, shows the 
interactions of the elements within the subsystems and how these elements influence the 
overall system. Once complete, the hierarchy becomes an abstract model of the real 




















Figure 1.1 Example of a Simplistic Hierarchy 
Once the hierarchy is created, the next step in the Analytical Hierarchy Process is 
to determine the degree to which elements on one level of the hierarchy influence the 
element on the level above it. In doing so, we establish the priorities, or strengths, of the 
individual elements. For example, the criteria (second level of the hierarchy) are first 
examined and compared in order to determine their strength of importance on the 
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objective (first level of the hierarchy). Then, for each of the criterion, the sub-criteria 
(third level of the hierarchy) associated with it are examined to derive their strength of 
importance on the criterion. Each of these examinations will be considered an 
assessment. This process is repeated until the lowest level within the hierarchy, consisting 
of the alternatives, is reached. A modified approach to the traditional Analytical 
Hierarchy Process, discussed later in this section, will be utilized at that step. The 
priorities assigned to the elements are determined from a simple procedure. The first step 
is to break up the hierarchy into several assessments. Each assessment will consist of a 
group of elements on one level and an element on the next higher level of which the 
group influences. For each assessment, the variable n is assigned the value equivalent to 
the number of elements within that group. An n x n matrix is then created in which the 
rows and columns are labeled with the names of the elements of that group. Pairwise 
comparisons for all elements within the group, as to their relative strength of influence on 
the element within the higher level, are then made. The fundamental scale [4] used to 
determine the strengths, or priorities, is shown in Table 1.1. The values of Table 4.3 will 
be used for explanation purposes. For each pair of elements, the element in the row is 
compared to the element in the column and the associated priority is placed in the matrix. 
For example, in Table 4.3, when the row element Variables with Uncertainty is compared 
with the column element Verification, Variables with Uncertainty is found to be slightly 
more important than Verification; therefore, a 3 is placed in the matrix at (1, 3). When an 
element is being compared to itself, such as position (1,1), a priority of equal importance 
is assigned, and a value of 1 is placed in the matrix. Therefore the main diagonal will 
consist of all Is. For reverse comparisons, the appropriate reciprocal is placed in the 
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matrix position. For example, when position (2, 3) is given a priority of 3/2, the reverse 
position (3, 2) is given the reciprocal strength of 2/3. Due to these simplifications, only a 
total of n(n-l)/2 comparisons will be needed for a matrix of order n. As stated in the 
table, the intermediate priorities 2,4, 6, 8 and their reciprocals can be assigned when a 
compromise between judgments is needed. 
Table 1.1 Pairwise Comparison Scale 
Pairwise Comparison Scale 
Intensity of Importance Definition 
1 Equal importance 
3 Slightly more important 
5 Essential or strong importance over another 
7 Very strong importance over another 
9 Extreme importance 
2,4,6,8 Intermediate values of two adjacent judgments 
Once the matrices have been established, the priority vectors for each are 
estimated using a process called averaging over normalized columns. The first step in 
this process is to find the sum of each matrix column. Then each priority, or matrix 
element, is divided by its corresponding column sum. This results in a newly established 
matrix. Next, a column vector, known as the priority vector, is created by summing the 
elements of each newly created row and dividing each row sum by n. The elements 
within the matrix are then assigned a local priority weight based on their corresponding 
value within the priority vector. This procedure is done for each criteria and sub-criteria 
matrix. 
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As stated earlier, a modified approach to the Analytical Hierarchy Process will be 
used in this work. Establishing the priorities within the lowest level of the hierarchy will 
be done differently from methods in traditional applications of the process. To determine 
the weight of each alternative with respect to all sub-criteria on the level of the hierarchy 
above it, a rating scale developed by Liberatore [37] is used. The five point rating scale of 
outstanding (O), good (G), average, (A), fair (F), and poor (P) is used to assign the 
priority weight as seen in Table 1.2 [37]. A matrix consisting of these local alternative 
weights is constructed after each of the alternatives is evaluated with respect to the seven 
sub-criteria. This differs from the traditional method as pairwise comparisons are not 
conducted at the alternative level of the hierarchy. 
Table 1.2 Five Point Rating Scale 
Five Point Rating Scale Value (Weight) 
Outstanding (O) 5 (0.513) 
Good(G) 4 (0.261) 
Average (A) 3 (0.129) 
Fair(F) 2 (0.063) 
Poor(P) 1 (0.034) 
The final step in the Analytical Hierarchy Process is to establish the total global 
score. This is done by combining the normalized local priority weights of the alternatives, 
sub-criteria and criteria levels. The weights at the alternative level are multiplied with 
respect to all successive levels. The new composite weights are considered the total 
global scores for the corresponding alternative. Once this step is completed for all 
alternatives, the total global weights are normalized. A review of the global priority 
weights leads to the selection of the solution. The alternative receiving the highest value, 
or ranking of 1, reflects the optimal alternative. 
1.4.2 Analytical Hierarchy Process Evaluation 
The weights within the priority vectors, resulting from the pairwise comparison 
matrix, can be evaluated during the decision making process. Results of the Analytical 
Process can be affected if inconsistencies between those values exist. Although the 
process is designed to minimize inaccuracies, judgment errors can be introduced. These 
errors can be measured by establishing the consistency ratio (CR) of each comparison 
matrix. 
The first step in the evaluation process is to determine the consistency index (CI). 
In order to do this, the maximum eigenvalue of the comparison matrix, C, is calculated. 
To estimate the index, the comparison matrix is first multiplied by its corresponding 
priority vector,/?, to obtain a new vector, e, such that Cp=e. Next, the first element in the 
resulting vector is then divided by the corresponding element of the priority vector. This 
procedure is repeated for all other elements within the resulting vector, creating yet 
another vector. The maximum eigenvalue is then defined to be the sum of all elements in 
the new vector divided by the number of elements within that vector. That is, 
z -
2
 = -=i \Pi J 
max 
n 
The consistency index (CI) can now be calculated as 
n-\ 
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In order to create the consistency ratio (CR), the corresponding random index 
needs to be defined. Random indices (RI) are consistency indices of randomly generated 
reciprocal matrices on a scale of 1 to 9. The average random indices for matrices of 
orders 1 through 10 are given in Table 1.3 [4]. 
The consistency ratio (CR) can now be defined as the ratio of the consistency 
index (CI) to the average random index (RI). The comparison matrix is deemed 
acceptable if the consistency ratio is equal to 0.10 or less [4]. Judgments may be 
reevaluated if the ratio is greater than the accepted value. 
Table 1.3 Random Index versus Matrix Order 
Random Index (RI) versus Order of Matrix (n) 
n l 2 3 4 5 6 7 8 9 10 
RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 
1.5 SCOPE 
The scope of the present research includes utilization of a decision making 
process, the Analytical Hierarchy Process, to select the optimal pressure prediction 
method for use in designing high speed craft. The selection is limited to ten pressure 
prediction methods chosen from the literature on vessel hull design. The decision making 
process is then applied to vessels of known characteristics and the outcome compared to 
full scale testing data in order to evaluate the methodology. The applicability of the 
Analytical Hierarchy Process in engineering design, as well as the benefits of applying 
the process, will be explored. To accomplish the objectives of this work, a thorough 
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review of literature on the subject of hull bottom impact pressure is conducted in order to 
determine criteria to be placed in the process hierarchy. 
In the current work, application of the Analytical Hierarchy Process will differ 
from that of other published papers. In disciplines such as business management, a 
decision maker collects data, usually in the form of surveys, from various experts. The 
opinions provided by the experts determine the criteria to be included in the hierarchy 
and establish the hierarchical model. The data also include pairwise comparisons of the 
various criteria that ultimately lead to criteria weights. The decision maker combines the 
criteria weights from each expert to develop an aggregated weight for each criterion of 
the hierarchy. Therefore, in those applications the decision maker gathers data in order to 
implement the process steps and reach the objective. In this work, the experts are the ten 
pressure prediction methods. Each expert opinion has been previously defined and 
remains fixed. The decision maker is not soliciting information from the experts directly 
but is deriving the criterion and their associated weights from the experts' methods and 
other literature on the subject of planing vessels. The decision maker is responsible for 
providing the data for the hierarchy as well as implementing the process steps. Hence, in 
this application the decision maker has a much greater role in the Analytical Hierarchy 
Process. 
An approach for use of the Analytical Hierarchy Process in engineering design 
will be developed. Unique to this study is the fact that design specifications are defined as 
criteria of the hierarchical structure, hence, these criteria and their associated weights will 
change with each new design under consideration. This differs from other applications of 
the Analytical Hierarchy Process where criteria values remain fixed once determined. 
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The Analytical Hierarchy Process model is used for one application in other works, but in 
this study the model will be used for multiple vessel designs as the vessel specification 
weights will be altered with each new design. Local alternative criteria weights 
associated with specifications are assigned based on whether the current design's 
specifications are in the range specified for that particular alternative. In order to create 
consistency with regard to weight assignment, a methodology is developed in order to aid 
the designer in determining the appropriate weights for the current design. The designer 
will then follow the procedure while using information about the current design. The 
weights will be inputted into the local alternative weight matrix after they are determined. 
This process allows the hierarchical model to be used multiple times and for various 
designs in selection of the optimal design equation. The methodology developed in this 
work can be applied to other areas of engineering and will prove the applicability of the 
Analytical Hierarchy Process in engineering design. 
The organization of the remainder of the dissertation is as follows. An overview 
of the pressure prediction methods is given in Chapter II. The formulation of impact 
pressure equations are presented in this chapter along with a discussion of important 
parameters, relevant vessel characteristics and applicability of the method. The Analytical 
Hierarchy Process is applied in Chapter III. Key elements of the hierarchical structure are 
determined and the hierarchical model is developed in this chapter. In Chapter IV, the 
elements within the hierarchy are assigned weights. The spreadsheets formulated in order 
to assign weights to the sub-criteria of the pressure equation are presented. The procedure 
for determining sub-criteria weights of vessel characteristics is developed and the process 
is presented for two pressure prediction methods. The methodology for determining the 
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total global weights by synthesizing the local weights is presented in Chapter V. The 
ranking of alternatives is also presented in this chapter. An overview of sensitivity 
analysis is given in Chapter VI, followed by a preview sensitivity analysis of the 
hierarchical model. In Chapter VII results of seven verification test cases of the 
hierarchical model are presented. The findings of additional test cases are also discussed 
in this chapter. The methodology and results of a post sensitivity analysis are presented in 
Chapter VIII followed by conclusions and recommendations in Chapter IX. Appendix A 
displays the vessel specification graphs of the pressure prediction methods while 
Appendix B provides information regarding the use of secondary data. Results of the 
traditional Analytical Hierarchy Process are displayed in Appendix C for comparison 
purposes. Spreadsheets displaying results of the supplemental model test cases are given 
in Appendix D. The post sensitivity analysis results, along with the associated MATLAB 
files, are presented in Appendix E. 
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CHAPTER II 
PRESSURE PREDICTION METHODS 
2.1 GENERAL 
Several papers have been published on the subject of pressure prediction methods 
for hull design. The papers, written by experts in the marine field, are based on 
engineering theory, experimental data and/or experience. Changes in technology have 
brought about variation that is not covered in these documents written between the years 
of 1960 and 1995. Classification societies have also published rules containing design 
requirements based on pressure prediction. In this work, the pressure equations within the 
following seven expert papers and three classification society rules have been chosen for 
consideration. 
1. Heller and Jasper, "On the Structural Design of Planing Craft," 1960. 
2. Danahy, "Adequate Strength for Small High-Speed Vessels," 1968. 
3. Spencer, "Structural Design of Aluminum Crewboats," 1975. 
4. Allen and Jones, "Consideration on the Structural Design of High 
Performance Marine Vehicles," 1978. 
5. Angeli, "Note No. 1478: A Re-evaluation of Heller-Jasper Impact Pressure 
Formula," 1982. 
6. Henrickson and Spencer, "A Synthesis of Aluminum Crewboat Structural 
Design," 1982. 
7. Koelbel, "Comments on the Structural Design of High-Speed Craft," 1995. 
8. American Bureau of Shipping, "Guide for Building and Classing High-Speed 
Craft," 1997. 
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9. Det Norske Veritas, "Rules for Classification of High Speed, Light Craft and 
Naval Surface Craft," 1997. 
10. Lloyd's Register, "Rules and Regulations for the Classification of Special 
Service Craft," 1997. 
In this chapter, the formulation of the various pressure prediction methods will be 
explored. The variables making up the pressure equations will be defined and newly 
developed variables will be discussed. 
2.2 PRESSURE EQUATION FORMULATION 
In this section the equations of the ten individual pressure prediction methods are 
given. The verification of each method is provided in addition to a description of the 
particular vessels to which each method can be applied. 
2.2.1 Heller and Jasper 
The design pressure equation for plating, derived by Heller and Jasper [8], is 
given as the equivalent static uniform pressure as shown below: 
Design Pressure of Plating on Bottom Structure 
px F, x Fr U- ph 
where, p 4.5Af 1 +0 
LG 
DLF 
V 8 J 
F/= impact factor (from figure in [8]) 
FT= transverse load distribution factor (from figure in [8]) 
Ph = hydrostatic pressure at rest (from figure in [8]) 
A = displacement (lbs) 
L = length at waterline (inches) 
G = half girth (inches) 
acg= vertical component of acceleration (g's) 
g = standard acceleration of gravity (9.81m/s ) 
DLF = dynamic load factor (from figure in [8]) 
Heller and Jasper derived the above pressure equation after analyzing full-scale 
testing data, obtained from an aluminum-hull torpedo boat, and model tests. Their 
method is based on a vessel that was 75 feet long and had a displacement of 109,000 
pounds. The vessel traveled at speeds between 28 and 35 knots and encountered 4-6 foot 
waves. Their research resulted in several original findings as it was one of the earliest 
studies in the structural design of hulls. Three new variables were developed by analyzing 
the experimental data and applying theoretical responses. These variables will now be 
discussed. 
Experimental data showed that the maximum pressure, due to each wave impact, 
occurred between the forward quarter-point and amidship. This maximum effective 
pressure is known as the design effective pressure. The effective pressures occurring at 
various longitudinal locations over several impacts were obtained. The impact factor, Fh 
is then presented as the ratio of the effective pressure, at a specific section, to the design 
effective pressure. The impact factor is plotted as a function of distance from the bow and 
represents the probability that the maximum effective pressure will fall along a particular 
section of the hull. 
The transverse load distribution factor, FT, was plotted as a function of bottom 
geometry and was found to resemble the versed sine function. The uniform load that 
would result in the same bending moment as the load depicted in the plot was calculated. 
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The ratio of the uniform load to that of the peak sinusoidal load is known as the 
transverse load distribution factor. 
Heller and Jasper defined the response factor as the ratio of strain due to the 
dynamic application of the load over strain due to the same load applied statically. The 
dynamic load factor is defined as the maximum value of the response factor. The 
dynamic load factor, DLF, then represents the ratio of the static load to peak dynamic 
load for the same strain value. 
2.2.2 Danahy 
The design pressure equation for bottom plating, derived by Danahy [10], is given 
as: 
Design Pressure of Bottom Plating 
p_KV2 
100 
where, K = factor based on deadrise and buttocks angles (from figure in [10]) 
V= speed (knots) 
Danahy arrived at the above equation from assumed pressure loads and a 
theoretically developed factor he named K. His results were based on theory, not 
experimentation. The method is assumed to be applicable to vessels of all lengths and 
displacements, a wave height of 1 foot and vessel velocities ranging from 30 to 60 knots. 
The variable, K, presented by Danahy will now be discussed. 
The K factor, based on an equation for stagnation pressure, represents the degree 
of impact experienced along the length of the hull. It can be directly compared to that of 
Heller and Jasper's impact factor; however, it has been doubled for simplicity of the 
overall pressure equation. 
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2.2.3 Spencer 
The design pressure equation for the bottom of the hull, developed by Spencer 
[11], is given as: 
Design Pressure for Bottom Structure 
P=(p,xFxFL)+Ps 
where, P,= 6.4 + 6.32 Am - 0.091L + 0.023 V2 -0.56$JVL 
F = 0.1 + - = area distribution factor 
8.U2+15.6^4 + 1.1 
Ft = longitudinal distribution factor (from figure in [11]) 
Ps = hydrostatic pressure (psi) 
A = displacement (long tons) 
L = length at waterline (feet) 
V= speed (knots) 
Spencer studied surveys in which values for several crew boat parameters were 
gathered. He then used regression analysis to determine the most influential parameters 
and arrive at the above design pressure equation. The pressure equation is applicable to 
vessels with lengths between 60 and 120 feet, displacements between 55,000 and 700,000 
pounds, speeds between 18 and 30 knots and waves of 5 to 10 feet. The variables F and 
Fi will now be discussed. 
The maximum impact pressure is highly localized with a much larger section of 
the hull seeing smaller loads. At the time Spencer's paper was written, several 
publications existed that reported on impact pressures and the reduction of those 
pressures with an increase in area. The area distribution factor, F, was modeled after 
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these techniques. The factor is plotted as a function of the panel area ratio defined in 
Spencer's paper. 
The longitudinal distribution factor, FL, is multiplied by the impact pressure to 
account for variations in the pressure's magnitude that are dependent on longitudinal 
location along the hull. Spencer noted that the variable Fi had been included in most hull 
design literature, with many papers showing the same curve. 
2.2.4 Allen and Jones 
The structural design-limit impact pressure equation developed by Allen and 
Jones [18] is given as follows: 
Design Impact Pressure for Plating 
O.UAR 
where, Nz = impact load factor (from figure in paper) 
A = full load displacement (lbs) 
AR = impact reference area (in2) 
F= longitudinal pressure distribution factor (from figure in [18]) 
KD= pressure reduction coefficient (from figure in [18]) 
Allen and Jones used analytical approaches coupled with full-scale testing to 
develop the above equation. Pressure data for two planing hulls and one small surface 
effect ship was obtained and studied. Their method is valid for vessels of approximately 
95 feet long and displacements of 157,500 pounds. It can be applied to vessels traveling 
at speeds between 20 and 40 knots in waves of 3 to 7 feet. Uncommon variables of the 
equation will now be discussed. 
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The impact load factor, Nz, is the portion of the overall acceleration at the center 
of gravity that is due to the impact forces. Assigning a value to the variable can be done 
using analytical methods or service experience, however, the variable remains highly 
controversial. Allen and Jones researched experimental values of Nz and developed a 
graph to be used in selecting an appropriate value. 
The longitudinal pressure distribution factor values, F, are based on the 
probability that impact pressure will occur at a particular location along the hull. The 
values established by Allen and Jones are based on experimental data. Results were 
incorporated into a graph which is similar to graphs included in other methods using this 
variable. 
The pressure reduction coefficient, KD, is used to correct the pressure value when 
the area under consideration increases. Again a graph was created after analyzing the full-
scale data and performing computer simulations. The KD values were plotted versus a 
ratio of design area over reference area. The graph is similar to that of Spencer's area 
distribution factor. 
2.2.5 Angeli 
The impact pressure equation for planing hull bottoms developed by Heller and 
Jasper was reformulated by Angeli [20] as follows: 
Design Impact Pressure for Planing Hull Bottom 
Pl=13.6^^(l + aJ LBX v cg' 
where, A =displacement (lbs) 
/?45 = bottom deadrise at station 4.5 (degrees) 
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L = length at waterline (inches) 
Bx = maximum beam at chine (inches) 
acg = acceleration at center of gravity (g's) 
Angeli arrived at the above modified pressure equation after reviewing Heller and 
Jasper's paper and the full-scale testing data they used to develop their original formula. 
The method can be applied to vessels with similar characteristics to that defined in Heller 
and Jasper's paper. No new variables were developed and all further calculations to find 
the overall design pressure remain the same. 
2.2.6 Henrickson and Spencer 
The design pressure equation for hull bottom structures is derived from the 
following equation by Henrickson and Spencer [19]: 
Design Pressure for Bottom Plating of Hull 
P=P1KD+PS 
where, P,= 16.0-0.078L + 0.0487 A 
KD = pressure reduction coefficient (0.6 for plating) 
Ps = hydrostatic pressure (psi) 
L = overall length (feet) 
A = full-load displacement (long tons) 
Henrickson and Spencer developed the method above by expanding on Spencer's 
earlier work. They reviewed surveys of several crewboats and their corresponding 
parameters and used regression analysis to determine a combination of parameters that 
could predict impact pressure. The method can be applied to vessels of lengths between 
60 and 120 feet and displacements between 50,000 and 400,000 pounds. The vessels 
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were considered to travel at speeds between 16 and 24 knots in sea states of 5 to 10 feet. 
The pressure reduction coefficient, KD, which varies in this updated analysis, and the 
longitudinal factor will now be discussed. 
The pressure reduction coefficient, KQ, denotes the percentage of the peak impact 
pressure that will be applied to the design area under consideration. A study of the 
structural arrangements of vessels and how they affect pressures led to a simplification of 
the coefficient. In the case of plating, Henrickson and Spencer have assigned the value of 
0.6 to KD. 
Spencer and Henrickson reviewed full-scale tests conducted by other experts and 
agreed with their conclusions that peak impact pressures occur between the forward 
quarter point and amidship. They chose to use this most critical location and assign a 
value of 1.0 to the longitudinal distribution factor and apply it to their equation. 
2.2.7 Koelbel 
The design pressure equation for hull bottom structures, developed by Koelbel 
[21], is as follows: 
Design Pressure for Hull Bottom Structures 
PD = 
(




pressure reduction coefficient (from figure in [21]) 
AR= 0 . 3 x 1 x 5 (in2) 
A = displacement (lbs) 
a = vertical acceleration at LCG (g's) 
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AR = reference area (in2) 
L = length at waterline (in) 
B = beam (in) 
Koelbel arrived at the equation above after he reviewed available methods and 
model tests results. He attempted to simplify the approach by providing a more effective 
means of estimating the vertical acceleration. His method is assumed to be applicable to 
all vessels. The pressure reduction coefficient and reference area will now be discussed. 
The ratio of design pressure to maximum pressure in the above equation is 
referred to as the pressure reduction coefficient. The value of Koelbel's coefficient is 
similar to pressure reduction coefficients developed by previous experts, as it was 
modeled after those equations. 
Koelbel derived the equation for reference area after reviewing Spencer's 
equation. The modification was chosen as he reported that the reference area did not 
depend on displacement or draft. 
2.2.8 American Bureau of Shipping 
The American Bureau of Shipping (ABS) [5] provides equations to determine the 
minimum design pressure of bottom structures at the center of gravity and areas clear of 
the center of gravity. Following are the two pressure equations: 
Bottom Slamming Pressure at Center of Gravity 
P = 
1BCG \LWB J [l+"ccKW 
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where, nCG = N2 <3i 
B 
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CG , fa'*) 
nXX ~ nCG^-V 
Nj= 0.069 
A = displacement at design waterline (lbs) 
Lw = length at waterline (feet) 
B = maximum beam (feet) 
UCG = average of 1/100 highest vertical acceleration at LCG (g's) 
FD = design area factor (from figure in [5], need AR and AD) 
nxx
=
 average of 1/100 highest vertical acceleration at area clear of LCG (g's) 
Pxx = deadrise at section clear of center of gravity (10° - 30°) 
PCG = deadrise at center of gravity (10° - 30°) 
N2 = 0.0016 
hx/ = significant wave height (feet) 
x - running trim at design speed (degrees) 
V2 = design speed (knots) 
Ky = vertical acceleration distribution factor (from figure in [5]) 
AR = reference area (in ) 
AD = design area (in2) 
The pressure equations above were developed by committees who based them on 
engineering principles and theoretical research; however, little information is provided as 
to the specifics of variables used. The equations can be applied to vessels having lengths 
between 98 and 427 feet and any displacement. The method is applicable to vessels 
traveling in any sea state with a velocity, V > 1.3 . The constants TV/ and N2, given in 
the rules, were assigned values with no further explanation as to their origin. Further 
information on variables FD and Ky will now be given. 
The design area factor, FD, is a function of the ratio of design area over reference 
area. The concept of the factor has been adopted from other methods with no attempt by 
the rules to explain the variable. The graph of FD is similar to those graphs found in other 
methods in which the variable is called the pressure reduction coefficient. 
The vertical acceleration at the LCG is multiplied by the vertical acceleration 
distribution factor, Ky, to account for changes in acceleration as the point of interest 
moves away from the center of gravity. A graph is provided in order to select the value of 
Ky based on location along the hull. No further information is given as to how the factor 
was developed. 
2.2.9 Pet Norske Veritas 
The design pressure for Det Norske Veritas (DNV) [6] classification is chosen as 
the largest value resulting from the following three pressure equations: 
Design Slamming Pressure on Bottom of Craft 









Pitching Slamming Pressure on Bottom of Craft 
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tan(/sr) 
r x 20TLYkN" 
L Km2; 
Sea Pressure 
PSP = \0ho + 
^ 1 ) \m J 
where, acg=-j=j^fggo 
Kj = longitudinal distribution factor (from figure in [6]) 
A = full load displacement (tonnes) 
n = number of hulls 
A = design load area for element under consideration (m2) 
To = mean draft (m) 
fix = deadrise angle in degrees at transverse section (10°" 30°) 
Peg = deadrise angle in degrees at LCG (10°" 30°) 
acg= design vertical acceleration at LCG (m/s ) 
ka = 1 for plating (see rules for other elements[6]) 
kb = 1 for plating (see rules for other elements [6]) 
Cw = Wave coefficient (from figure in [6]) 
TL = lowest service speed draft at forward point (m) 
L = length at waterline (m) 
ho = vertical distance from waterline to load point (m) 
ks= 7.5 aft of midship or 5/CV forward of forward point 
T = fully loaded draught with the craft floating at rest in calm water (m) 
fg= acceleration factor dependent on service notation (from table in [6]) 
g0 = standard acceleration of gravity (9.81m/s ) 
The pressure equations found within the rules of classification of high-speed craft 
by Det Norske Veritas were formed after reviewing experimental data and performing 
statistical analyses. The equations can be applied to vessels with lengths greater than 65 
feet and with displacements of A = 0.13*L*B. The methods are applicable to all sea 
states and vessels traveling at speeds of V > 7.16* A01667. The coefficients Ka and Kb are 
assigned values based on the structure being analyzed with no explanation as to their 
origin. The variables Ki, Cw, ks, and^g will now be discussed. 
The longitudinal distribution factor, K\, can be obtained from a graph within the 
rules. It represents the degree of slamming pressure at a specific point along the hull. 
The wave coefficient, Cw, can be derived by equations given in the rules for 
unrestricted vessels. A graph and chart can be used to find the wave coefficient and 
reductions for restricted vessels. No further information is given about the variable. 
The variable, ks, represents the sea load distribution as stated in the rules. Values 
can be obtained from a graph although no further explanation is given. 
The acceleration factor,^, is a fraction of the standard acceleration. It is 
dependent upon the type of vessel under consideration and the service restrictions of the 
vessel. It can be chosen from a chart in the rules. No further explanation is given for the 
variable. 
2.2.10 Lloyd's Register 
The design pressure used in Lloyd's Register [7] is chosen as the larger value 
resulting from the following four equations: 
Combined Hydrostatic and Hydrodynamic Pressure #1 
PM = HfSf WzHm+PH ym2 j 




Pm — HfSfC f 'kN^ \m2) 
Forebody Impact Pressure 
Pf - HfSfCfGf 
m j \ —2 
where, PH =10(TX - ( z - z J ^ j 
f2=K+{\-kz z-zb 
kz — e 
(2nT, ^ 
u = 
V *-"m. J 








V ^WL J 
y^WL 
39 
H/= hull notation factor (from table in [7]) 
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S/= service type notation factor (from table in [7]) 
Cf= craft type notation factor (from table in [7]) 
fd = hull form pressure factor (54 for mono-hull craft) 
A = displacement (tonnes) 
^ = value dependent on longitudinal location (1.0 from .5LWL-- 75WL) 
ay = vertical acceleration (g's) 
LWL = length at waterline (meters) 
Go = support girth (meters) 
GF = service area notation factor (from table in [7]) 
ff= forebody impact pressure factor (from table in [7]) 
r = Taylor quotient 
z = vertical distance from baseline to center of gravity of plate (meters) 
Zk = vertical distance of underside of keel above baseline (meters) 
Tx = draught to waterline at longitudinal position of plate (meters) 
Cw.min = wave head minimum (equation in [7]) 
kr = hull wave pressure factor (from table in [7]) 
Cb = block coefficient (equation in [7]) 
xwi = distance from aft end of LwiXmeters) 
xm = 0.45-0.6 * Froude number (a speed parameter given in [7]) 
The pressure prediction equations within Lloyd's Register's rules for 
classification of high speed craft were developed by a committee using engineering 
principles and knowledge of existing vessels. The method can be used for vessels of 
lengths greater than 150 feet and any displacement, velocity and sea state. The equations 
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include several factors that take into account the intended service and type of craft. 
Additional factors concentrate on location of the component being analyzed. This 
includes the variable (/>, which is similar to the longitudinal distribution factor seen in 
other methods. Responses due to waves are also accounted for through various 
coefficients. 
2.3 SUMMARY 
The ten pressure prediction methods chosen for inclusion in this study varied in 
the way that they were formulated. Some methods were based upon data obtained from 
full-scale testing and analytical studies. Other methods were based on a review of hull 
surveys and a few methods included no means of direct verification at all. 
The type and number of variables within the impact pressure equations differed 
from method to method. Several methods included vessel specifications that could be 
defined in the early stages of design. Some methods included numerous parameters, 
while others were based on only a few. Multiple newly defined variables are present in 
the equations; several of them carry a great deal of uncertainty. 
The pressure prediction methods often defined the vessels to which they could be 
applied. Some methods were suitable for a range of vessel specifications while others, not 
being defined, are assumed to be suitable for all types. 
In the following chapter, the information regarding the ten pressure prediction 
methods will be used to identify key elements that will help us achieve our objective. 
Variables of the pressure equations covered here will be reviewed and categorized by the 
decision maker. Derivation of the methods will also be reexamined. The model will be 
established after placing the criteria in a hierarchical structure. 
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CHAPTER III 
ESTABLISHING THE ANALYTICAL HIERARCHY PROCESS 
MODEL 
3.1 GENERAL 
The motivation for applying the Analytical Hierarchy Process to select the 
optimal pressure prediction equation to be used in the design of a vessel hull is the fact 
that several practicable pressure equations exist in literature. Although multiple attempts 
have been made to identify which pressure equation is ideal, no consensus exists, and it 
remains the designer's responsibility to determine which equation he or she will use in 
the design of a vessel hull. The foundations of the Analytical Hierarchy Process were 
discussed in a Chapter I. The concepts developed in this chapter expand on those 
foundations as the Analytical Hierarchy Process is applied to the selection of the pressure 
prediction equation. The pressure prediction equations of the previous chapter are 
consulted in order to establish the hierarchical structure. 
3.2 DECISIONMAKER 
The Analytical Hierarchy Process requires input from an expert or team of 
experts. The hierarchical model and the weights of its corresponding elements are 
determined by the experts. The model helps the team to visualize the objective and make 
adjustments to the criteria as needed. Once the criteria are accepted, the alternatives 
chosen for inclusion can be evaluated. The decision maker compiles the information and 
applies the process. 
In this study, the author remains the sole decision maker. The decision maker is 
assumed to have gained adequate knowledge in the subject matter after conducting a 
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thorough review of the literature. Judgments regarding critical criteria to be included in 
the process are defined and their weights are subsequently assigned based on the decision 
maker's insight into the objective. 
3.3 HIERARCHY FORMULATION 
The first step in applying the Analytical Hierarchy Process is to analyze the 
problem or system of interest and develop an objective. Once this is done the system can 
be broken into smaller subsystems containing important criteria. The criteria need to be 
established by the decision maker after all aspects of the problem have been evaluated. 
Once all elements have been defined, the hierarchy is arranged. 
3.3.1 Establishing the Obi ective 
In this work, the focus is on determining the impact bottom pressure for high 
speed craft. The problem lies with choosing which pressure prediction method best 
predicts the actual pressure experienced. Thus, the objective is defined to be the selection 
of the optimal pressure equation. 
3.3.2 Selection of the Criteria 
Variables chosen as criteria in the Analytical Hierarchy Process are discussed in 
this section. The variables were chosen after all papers outlined in the previous chapter, 
in addition to other papers on the subject of hull design, were thoroughly reviewed. Both 
parameters with high confidence and parameters with uncertainty have been chosen from 
the pressure prediction methods. Important vessel specifications and verification 
procedures are also included as criteria in the Analytical Hierarchy Process as will be 
discussed. 
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Variables with High Confidence 
Variables with high confidence include variables that can be defined in the early 
stages of design and those that can be easily measured and/or determined. The variables 
with high confidence chosen from the pressure prediction method equations include 
length, displacement, design area and draft. 
Most of the methods chosen for this study take into account the vessel length at 
the operating waterline and displacement of the vessel when predicting the impact of 
pressure. The equations show that pressure is reduced with increasing length while 
pressure increases with larger displacements. Design area is a factor included in half of 
the methods. Pressure values rise when the design area under consideration increases. 
Draft is included in most of the methods and leads to a larger impact pressure as it 
increases. For the purpose of this study, inclusion of each variable with high confidence 
is assumed to have an equal affect on the equation's ability to successfully predict the 
impact pressure. 
Variables with Uncertainty 
Variables with Uncertainty include those variables that are not completely 
verifiable. They have been developed by experts within the field through study and 
experimentation. Variables with Uncertainty chosen as criteria in this study are vertical 
acceleration, the longitudinal factor, reference area and the pressure reduction coefficient. 
These variables lack complete confidence yet have proven to be important in estimating 
impact pressure. 
Vertical acceleration at the center of gravity is one of the most difficult 
parameters to assign a value. Several analytical models, model tests and published 
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findings from sea trials are available for review, but the results remain controversial. 
Including acceleration proves to be effective in establishing the impact pressure as many 
of the methods find them to be directly proportional. The values of acceleration for 
planing hulls have been found to be higher than that of other vessel types with 
acceleration increasing as displacement decreases. 
The longitudinal factor is proportional to the probability that the maximum design 
impact pressure will occur at a given location along the hull. The factor was determined 
after several full scale tests, which included the collection of pressure data at several 
longitudinal locations, were analyzed. The data was used to create ratios which compare 
local pressures to maximum design pressure. Plots of the longitudinal factor versus 
location along hull are presented in several prediction methods. Although variations in 
the plots exist, they are extremely similar, leading to an overall acceptance of the factor. 
The reference area represents the area of the bottom of the hull that experiences 
all significant pressure forces. Areas outside of this reference area are assumed to 
encounter negligible forces. The concept of the reference area is important in determining 
impact pressure as tests proved that smaller areas would see greater average pressures 
than larger areas. Equations for reference area within the different methods vary but 
provide similar results. 
The pressure reduction coefficient is used to determine the pressure of the design 
area under consideration as it has been found that pressure decreases with increasing area. 
The pressure reduction coefficient is determined from graphs after determining the ratio 
of design area to reference area. The coefficient is then multiplied by the value of the 
reference area pressure in order to arrive at the pressure of the design area. 
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Vessel Characteristics 
The pressure prediction methods attempt to determine the hull bottom impact 
pressure by incorporating various hull parameters into the pressure design equation. As 
discussed in the pressure equation formulation chapter, each method is assumed to be 
either suitable for vessels with specific specifications ranges or suitable for all vessels. 
After conducting a thorough review of the literature, four parameters depicting vessel 
specifications were chosen for inclusion in the Analytical Hierarchy Process. These 
specifications include length, displacement, velocity and sea state. 
In the past, papers on the subject of impact pressure have attempted to determine 
which single pressure prediction method best estimates the actual pressure seen by hulls. 
In this study, it is assumed that the most accurate method is directly related to whether 
the vessel under consideration has characteristics that align with that of the pressure 
prediction method. In that respect, multiple methods may prove to be adequate; however, 
the specific vessel specifications are used to aid the decision making process. This 
approach was conceived upon realization that the methods were based on specific full-
scale tests, model tests and vessel experience. 
Verification Procedures 
As discussed in the chapter on pressure prediction methods, verification of the 
pressure equations differed with the method under consideration. The verification process 
is chosen as a criterion for the hierarchy as it is assumed that methods verified by full-
scale tests provide the most accurate pressure predictions. Methods that based their 
results on surveys of existing hulls are considered to be more accurate than those that had 
no verification procedure. 
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3.3.3 Developing the Hierarchical Structure 
The objective or ultimate goal of the system is always placed at the top of the 
hierarchy, its criteria on the level directly below and their corresponding sub-criteria on 
the level below them. At the bottom of the hierarchical structure are the various 
alternatives available to reach the objective. The objective specified earlier in this section 
will be placed at the top of the hierarchy. 
The criteria in the previous section were generated without regard to relationship 
to one another or order within the hierarchy. It is at this time the criteria need to be 
organized into the various levels, establishing the structure of the hierarchy. In this study, 
two primary criteria relevant to reaching the objective were selected. The first criterion is 
the Derivation of the Pressure Prediction Equation. The composition of the equation and 
confirmation of its output are found to be directly related to the method's success. The 
second criterion is chosen as Vessel Specifications. Whether the vessel under 
consideration has specifications that are in line with those characteristics on which the 
method was based is also found to be related to the method's success. These two criteria 
will form the second level of the hierarchy, which is located below the objective level. 
Continuing to work with the criteria created in the preceding section, the sub-
criteria are now defined. Each one of the criterion are evaluated individually in order to 
establish the sub-criteria. The criteria regarding Derivation of the Pressure Prediction 
Equation are evaluated first. The elements directly related to this criterion are the 
Variables with Uncertainty, Variables with High Confidence and Verification. These 
elements are assigned as sub-criteria with respect to the pressure equation. Next, the 
criteria regarding Vessel Specifications are assessed. The elements directly related to this 
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criterion are Length, Displacement, Velocity and Sea State. The sub-criteria will be 
placed on the third level of the hierarchy below the criteria to which they correspond. At 
this time, all criteria developed from the literature review have now been placed within 
the hierarchical structure. Although several sub-criteria levels could exist, this study 
includes but one. 
The bottom level of the hierarchical structure consists of the alternatives. The 
alternatives within this study include ten pressure prediction methods, seven of which 
have been developed by experts within the field of vessel design and three of which have 
been implemented by classification societies. A listing of these methods was provided in 
the section regarding pressure prediction methods. The alternatives will be evaluated with 
regard to all sub-criteria on the preceding level within the hierarchy. 
3.4 SUMMARY 
In this chapter we defined our objective and determined how the Analytical 
Hierarchy Process could be used in order to help us reach our goal. All important 
elements needed to establish the hierarchical structure were defined and placed in their 
appropriate place within the structure. The hierarchy can now be represented by a 
diagram. The hierarchy showing all ten alternatives can be found in Figure 3.1. In the 
following chapter, the elements developed here will be assigned a corresponding weight. 
Weights of the criteria and sub-criteria will be assigned through pairwise comparisons, 

































































































































































































































ASSIGNING WEIGHTS TO THE HIERARCHICAL ELEMENTS 
4.1 GENERAL 
The elements of the hierarchy are now evaluated in order to assign their 
individual weights. As discussed earlier, assessments are made at each level of the 
hierarchy in order to determine the influence of the criteria on the element of the level 
above it. For criteria and sub-criteria, this is done by establishing comparison matrices for 
each assessment and performing pairwise comparisons. For alternatives, the process is 
slightly more complex as it uses additional graphs and the five point scale. The weights 
are assigned based on the Pairwise Comparison Scale of Table 1.1 and the Five Point 
Rating Scale of Table 1.2. The consistency ratio (CR) for each sub-criteria comparison 
matrix is then calculated to check the matrices for accuracy. 
4.2 CRITERIA WEIGHTS 
The first set of weights to be defined is that of the criteria that fall on the level of 
the hierarchy below the objective. The two elements on this level are Derivation of the 
Pressure Prediction Equation and Vessel Specifications. These criteria will be compared 
to one another with regard to their influence on the objective, which is to select the 
optimal pressure equation. 
This assessment consists of two elements, therefore n=2. Values of 1 are placed in 
the main diagonal for reasons discussed in the Analytical Hierarchy Process Foundations 
of Section 1.4. Next, Derivation of the Pressure Prediction Equation is compared to 
Vessel Specifications. The decision maker then uses the comparison scale to assign a 
weight. The values are chosen, as are all assignments, from information gathered during 
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the literature review. Derivation of the Pressure Prediction Equation is determined to fall 
between equal importance and slightly more important than the Vessel Specifications. 
Consequently, a value of 2 is placed in position (1,2) of the matrix. The reciprocal 1/2 is 
placed in the reverse comparison position (2,1). This leads to the formulation of the 2x2 
matrix found in Table 4.1. 
Next, the priority vector is determined after averaging over normalized columns. 
The new matrix and priority vector are shown in Table 4.2 with the priority vector being 
the last column on the right. The local weights, found as components of the priority 
vector, are then assigned to each criterion. The Derivation of the Pressure Prediction 
Equation element has a local weight of 0.667, and the Vessel Specifications element has a 
local weight of 0.333. 


































4.3 SUB-CRITERIA WEIGHTS 
The next sets of weights to be defined are that of the sub-criteria. There are three 
sub-criteria corresponding to Derivation of the Pressure Prediction Equation criterion and 
four sub-criteria corresponding to the Vessel Specifications criterion. The sub-criteria, 
within each grouping, are compared to one another with respect to their influence on the 
related criteria. The same process followed for establishing the criteria matrix is now 
applied to determine the sub-criteria matrices. 
Looking first at the Derivation of the Pressure Prediction Equation, n=3 as there 
are three sub-criteria elements which need to be compared. This assessment will therefore 
consist of a 3x3 matrix. The first element, Variables with Uncertainty, when compared to 
the second element, Variables with High Confidence, is rated a 2, which falls between 
equally important and slightly more important on the scale. When the first element is 
compared to the third element, Verification, a rating of 3 is given as the element, 
53 
Variables with Uncertainty, is slightly more important. Moving to the second line of the 
matrix, the second element is then compared to the third element. This results in a rating 
of 1.5 as Variables with High Confidence falls just above equal importance to 
Verification. The matrix is completed by filling in the main diagonal and reverse 
comparison values. The matrix is shown in Table 4.3. Averaging over normalized 
columns gives the matrix of Table 4.4. The weights of the elements, Variables with 
Uncertainty, Variables with High Confidence and Verification are 0.545, 0.273 and 
0.182, respectively. 













































Next, the elements regarding Vessel Specifications are evaluated. A 4x4 matrix is 
created for this assessment, which consists of four sub-criteria elements. The first 
element, Length, is rated 3 when compared to the second element, Displacement. This is 
because Length is found to be a slightly more important influence on Vessel 
Specifications. A rating of 2 is assigned to the comparison of Length to the third element, 
Velocity, and a rating of 1 is assigned to the comparison of Length to the fourth element, 
Sea State. On the second line of the matrix, the element, Displacement, when compared 
to Velocity is assigned 0.5 and when compared to Sea State is assigned 0.33. On the 
third line of the matrix, the element Velocity is compared to Sea State and given a rating 
of 0.5. Ratings less than 1 are determined by evaluating the reciprocal comparison. The 
main diagonal and reciprocal comparison values can now complete the matrix. The sub-
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criteria matrix corresponding to Vessel Specifications is in Table 4.5. Averaging over 
normalized columns gives the matrix of Table 4.6. The weights of the elements, Length, 
Displacement, Velocity and Sea State are 0.351, 0.109, 0.1189 and 0.351, respectively. 
Table 4.5 Sub-criteria, Vessel Specification, Comparison Matrix 





















Table 4.6 Sub-criteria, Vessel Specification, Weight Matrix 

























4.4 ALTERNATIVE WEIGHTS 
The weights of all alternatives with respect to each sub-criterion are evaluated 
next. As discussed in the section on the Analytical Hierarchy Process Steps, the 
assignment of weights in this matrix is done differently in this modified approach. The 
alternatives are evaluated based on how well they incorporate the sub-criteria. This is 
done using the five-point scale instead of direct comparisons. In order to develop 
consistent rating scales, methods were developed to guide the assessment and make 
assignments whose values vary from 0.034 to 0.513 as shown in Table 1.2. 
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4.4.1 Alternatives with Respect to Derivation of Pressure Prediction Equation 
The sub-criteria elements of the Derivation of the Pressure Prediction Equation, 
called Variables with Uncertainty, Variables with High Confidence and Verification, will 
be discussed first. Spreadsheets consisting of key considerations in rating the elements 
have been created. A numerical value has been associated with each consideration. For 
each alternative, the key considerations are surveyed and values are assigned accordingly. 
These values are then added to get a total value ranging from one to five. From the value, 
a corresponding rating, or weight, on the five point scale is assigned. This is the weight 
placed in the alternative weight matrix. 
Variables with Uncertainty will now be considered. It is assumed that the pressure 
prediction equation, as published by an expert in the field, consists of one or more 
Variables with Uncertainty that, at a minimum, make the equation poor. All alternatives 
will receive a value of one under this consideration, leading to a minimum of one for the 
spreadsheet sum. This corresponds to a weight of 0.034 for each alternative. The next 
four considerations are with respect to important variables included in the equation, the 
first of those considerations being vertical acceleration (or velocity). If the pressure 
prediction equation includes an acceleration variable, a value of 0.5 is placed in the 
spreadsheet. If the variable is not included in the pressure equation, a value of 0 is placed 
in the table. 
The other variables of consideration are the longitudinal factor, reference area and 
the pressure reduction factor. Similarly, if those variables are included in the pressure 
equation, values of 1, 0.5 and 1, respectively, are placed in the appropriate position 
within the spreadsheet. A value of 0 is placed in the table if the variables are not included 
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in the equation. These Variables with Uncertainty were chosen as a result of the literature 
survey on pressure prediction methods. Their inclusion is expected to lead to the 
successful prediction of actual pressure encountered on vessel hulls. 
The last two considerations are related to additional Variables with Uncertainty 
outside of the four already viewed. If the equation consists of one or more additional 
variables the decision maker determines the level of uncertainty. If high levels of 
uncertainty are associated with these additional variables, for example the variables have 
not been tested, a negative value of-0.5 or -1 is placed in the spreadsheet. If there is one 
additional variable with high uncertainty a value of-0.5 is placed in the spreadsheet and 
if there is more than one variable a value of-1 is placed in the spreadsheet. Parallel to this 
are additional variables with low uncertainty, for example the variables have been proven 
to be reliable. These considerations receive a value of 0.5 within the matrix for one 
additional variable and a value of 1 when there is more than one additional variable. If no 
additional variables with uncertainty are included, a value of 0 is placed in the table. 
Finally, the values for each alternative are added together to get the total value. 
This total is rounded down to the next whole number, which falls between 1 and 5. The 
resulting spreadsheet is displayed in Table 4.7. The numbers 5, 4, 3, 2 and 1 correspond 
to a rating of outstanding, good, average, fair and poor, respectively. The weight 
corresponding to the rating can now be assigned from Table 1.2. These weights are the 
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A spreadsheet for Variables with High Confidence has also been created. First, it 
is assumed that each equation consists of no Variables with High Confidence, making the 
pressure prediction equation poor at a minimum. A value of 1 is placed in the spreadsheet 
under this consideration, next to all alternatives; therefore the weight will have a 
minimum value of 0.034 once more. Then, the pressure equation's validity is increased 
depending on which key variables with high confidence it includes. The other four 
considerations in the spreadsheet are in regards to key Variables with High Confidence. It 
is the inclusion of these variables into the equation that is thought to provide a more 
accurate prediction of the actual pressure encountered by vessel hulls. These variables are 
draft, displacement, design area and length. For instance, if the pressure prediction 
equation includes the variable draft, a value of 1 is placed in the spreadsheet. All four 
Variables with High Confidence are determined to have an equal impact on the success of 
the prediction; hence, they are all worth the same value. The alternatives are evaluated for 
all four considerations and the sum of the values for each alternative is calculated. This 
leads to numbers ranging from 1 to 5 and having a corresponding rating of poor to 
outstanding. The corresponding spreadsheet is shown in Table 4.8. Parallel to the 
previous element, Variables with Uncertainty, the ratings for the Variables with High 
Confidence element can be converted to their corresponding weights using the five point 





































































































































































































A process of assigning a weight for each alternative with respect to Verification is 
also followed in order to ensure consistency. A spreadsheet has been developed which 
shows this process. For each alternative, the method of verification is explored. When no 
verification of the pressure prediction equation is conducted, a value of 1 is assigned. If a 
survey of various vessels is directed, a value of 2 is assigned. If full-scale testing of one 
vessel hull or multiple vessel hulls is conducted, an assignment of 3 or 4, respectively, is 
assigned. Extensive testing results in an assignment of 5. This process assigns numbers 
ranging from 1 to 5 and having a corresponding rating of poor to outstanding. The 
spreadsheet is shown in Table 4.9. The values can be converted to weights using the five 
point scale and placed in the alternative matrix. 
The alternative weights with respect to the Derivation of the Pressure Prediction 
Equation are summarized in Table 4.10. These local alternative weights have been taken 
from the last column of Tables 4.7, 4.8 and 4.9. The partial weight of the alternative, 
displayed on the last row of Table 4.10, reflects the portion of the total alternative weight 
that is due to the Derivation of the Pressure prediction Equation criterion. Derivation of 

















































































































































































































































































































































































































































































































4.4.2 Alternatives with Respect to Vessel Specifications 
The sub-criteria of Vessel Specifications, including Length, Displacement, 
Velocity and Sea State, are now considered. These variables, available in the early stages 
of design, are dependent upon the vessel under consideration. The specifications of the 
vessel will be used to determine the local weights assigned to the alternatives, therefore 
this portion of the hierarchy will change each time a different vessel is evaluated. This 
differs from other applications of the Analytical Hierarchy Process as weights within the 
hierarchical structure will be modified to fit the current design. 
The alternatives, or pressure prediction methods, have been developed for a 
predetermined vessel, a range of vessels or for all vessels as previously discussed. Each 
vessel specification of the new design will be evaluated with regard to how well it meets 
the method's criteria. In order to use the five-point scale to establish weights, a process is 
developed to assign values between 1 and 5 to each vessel specification, depending on its 
alignment with the method. 
The first step in this process was to establish graphs of the four vessel 
specifications for all ten alternatives. The decision maker used information gathered from 
the literature survey in order to do this. A value, which corresponds to a local weight, can 
be determined from the graphs. An explanation of how the graphs were established 
follows. 
First, consider the case where a method states that it is valid for, or derived from, 
a vessel which has a specification equal to an exact number. For example, the method 
could specify that it is valid for a vessel with an exact length of 100 feet. A data set is 
established as a value of 5 is paired with the specification's exact value defined in the 
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method. This is equivalent to stating that any vessel evaluated which has a length of 100 
feet will be an outstanding fit for this method with regard to length. The exact number is 
then increased by ten percent of the given one to get the number associated with 4. This 
becomes the next data set. The new number is then increased by that same value to get 
the number associated with 3. This is repeated to get the values associated with 2 and 1. 
In parallel, the original number is decreased in ten percent increments to get values 
associated with 4, 3, 2 and then 1 for the other half of the graph. The nine sets of data 
points are plotted to get the graph of the specification's numerical value versus value. All 
specification numerical values falling on the graph between values 4 and 5 are assigned a 
rating of outstanding. Those falling between 3 and 4 are assigned a rating of good while 
those falling between 2 and 3 are given an average rating. Numerical values between 1 
and 2 are assigned a rating of fair and those outside the graph are assigned a rating of 
poor. The user would determine where the specification's numerical value lies on the 
graph for their current design to find the corresponding rating. These values can then be 
converted to weights using the five point scale. 
Next, consider the case in which the method states it is valid for a vessel whose 
specification's numerical value falls within a range. For example, the method could 
specify it is valid for a vessel whose length is between 80 and 100 feet. This time a value 
of 5 is paired with the median of the range. Instead of increments often percent, 
increments of five percent are used for ranges. The increment is derived by taking five 
percent of the median. The increment is added to the range's maximum to get the number 
associated with 4. This process is repeated to get numbers for 3, 2 and then 1. The 
increment is then subtracted from the minimum of the range to get the number associated 
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with 4 for the left side of the graph. This again is repeated to get numbers for 3, 2, and 
then 1. As with the case having an exact value, the nine data sets are plotted and the 
weights are assigned. The user can determine the weight of the current design depending 
on where their specification's numerical value lies on the graph. 
Now consider the case in which the method states that it is valid for all vessels 
regardless of the specification's value. For example, a method could state that it may be 
applied to a vessel of any length. Graphs for these cases have been determined to be a 
horizontal line at a value of 4. This is equivalent to stating the particular method is rated 
good for all vessels. The weight will always be 0.261, for these situations as seen in 
Table 1.2. 
Lastly, consider the case in which the method reports it can be used for a 
specification whose numerical value is either greater than or less than a specified number. 
An example of this case is a method that lists it can be used for vessels less than 150 feet. 
A horizontal line at a value of 5 is graphed for all specification values that fall within the 
method's requirements. On the side of the graph that falls outside of the requirement, an 
incremental decrease of five percent is taken from the specified value to determine the 
value for 4. This incremental decrease is repeated to get the values for 3, 2 and then 1. A 
final data set is chosen to depict the unbounded side of the specification. All six data sets 
are plotted, allowing weights to be obtained using the graph. 
The preceding paragraphs outlined the routine used to establish graphs of vessel 
specifications depending upon the limits of the specification. They also showed how 
these graphs could then be used to establish local weights for alternatives with respect to 
vessel specifications. The process followed in establishing the graphs for two methods, 
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one expert opinion method and one classification society method, will now be explored. 
Method criteria and graphs of vessel specifications for the remaining methods can be 
found in Appendix A. 
Heller and Jasper's Vessel Specification Graphs 
First, looking at the method developed by Heller and Jasper, this method is said to 
be valid for vessels having the following key specifications: 
Length: 75 feet 
Displacement: 109,000 lbs 
Velocity: 28-35 knots 
Sea State: 4-6 feet 
The specification of length is assigned an exact value of 75 feet so the procedure for that 
case is followed. A value of 5 is paired with the numerical value 75 feet to obtain the first 
data set. Next, because it is an exact number, we determine ten percent of 75 feet to use 
as the increment. We add the ten percent to 75 feet to get 82.5 feet and pair it with the 
value 4 to get the second data set. Repeating the process of adding the increment to the 
new number gives the data sets of (90 feet, 3), (97.5 feet, 2) and (105 feet, 1). Next, we 
subtract ten percent from 75 feet to get 67.5 feet. This is paired with 4 to give the sixth 
data set. Repeating the process of subtracting the increment from the new value gives the 
data sets of (60, 3), (52.5, 2) and (45,1). The data sets are shown in Table 4.11. 
Table 4.11 Data Sets for Length Graph of Heller and Jasper's Method 



















The resulting graph of value as a function of length is shown in Figure 4.1. The 
specification of displacement is also given as an exact value so the same process as 
followed for the specification of length applies. The exact numerical value of 109,000 lbs 
is paired with the value of 5. The ten percent increment used to find the other numerical 
values is found by taking ten percent of 109,000 lbs. The increment is added and 
subtracted from the original and new numbers as was done for length. The resulting data 
sets are in Table 4.12. 
Table 4.12. Data Sets for Displacement Graph of Heller and Jasper's Method 




















The resulting graph of value as a function of displacement is shown in Figure 4.2. The 
specification of velocity is given as a range of 28-35 knots; therefore, the procedure for 
evaluating ranges will be followed. The value of 5 will be paired with the median of the 
range, which is 31.5 knots. For ranges, a five percent increment is used. The increment is 
established by multiplying the median by five percent. The increment is added to the 
maximum value of the range, which is 35 knots. This new number, 36.58 knots is then 
paired with the value 4 to get the second data set. This new number is then increased by 
the increment to get the number to be paired with 3. This process is repeated to get the 
numbers to be paired with values 2 and then 1. The next data set is found by subtracting 
the increment from the minimum value of the range, 28 knots, and pairing the number 
with the value 4. The remaining data sets are derived by continuing to subtract the 
increment from the new numbers. The data sets are found in Table 4.13. 
Table 4.13 Data Sets for Velocity Graph of Heller and Jasper's Method 



















The resulting graph of value as a function of velocity is shown in Figure 4.3. The 
specification of sea state is also given as a range of values. This method is valid for sea 
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states ranging from 4 to 6 feet. The process for ranges is once again followed to establish 
the graph. The median of the sea state range is found to be 5 feet. This number is paired 
with the value 5 to get the first data set. The increment, five percent of the median, is then 
added to the maximum value of the range, 6 feet, to get a new number. That number is 
paired with the value 4 to get the second data set. This process is repeated to get pairs for 
values 3, 2 and then 1. Similarly the increment is subtracted from the minimum value of 
the range and paired with the value 4 to get the sixth data set. Continuing to subtract the 
increment from the new numbers gives the numbers to be paired with the final values. 
The data sets are found in Table 4.14. 
Table 4.14 Data Sets for Sea State Graph of Heller and Jasper's Method 
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Figure 4.4 Heller and Jasper: Sea State 
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ABS's Vessel Specification Graphs 
Next we will look at graph formulation for the ABS method. This classification 
society method is said to be valid for the following key vessel specifications: 
Length: less than 427 feet 
Displacement: all vessels 
Velocity: 1.3 x length05 knots 
Sea State: all vessels 
This method states it is valid for all vessels whose lengths are less than 427 feet. As 
discussed in the procedure, a value of 5 is assigned to all numerical specification values 
valid up to and including that boundary point. For values outside the requirements, the 
five percent increment is calculated. The boundary value minus the increment is derived 
and paired with 4 in order to establish the second data set. The increment is then 
subtracted from the new numerical value and paired with 3 to get the third data set. This 
process is repeated in order to determine the numerical values associated with values 2 
and 1. The last data set is chosen to be (0 feet, 5). This will allow the graph to show 
validity for all values less than the specified numerical value of 427 feet. This case only 
consists of six data sets. The data sets for the ABS's length specification graph are in 
Table 4.15. 
Table 4.15 Data Sets for Length Graph of ABS's Method 
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The resulting graph of value as a function of length is shown in Figure 4.5. Next is the 
specification of displacement. The ABS method can be applied to vessels of all 
displacements. As discussed in the procedure regarding this case, the value of 4 is 
assigned to all displacement numerical values. A representative graph created of only two 
data sets can be shown. The data sets are shown below in Table 4.16. 
Table 4.16 Data Sets for Displacement Graph of ABS's Method 





The resulting graph of value as a function of displacement is shown in Figure 4.6. The 
specification of velocity is next. An equation, consisting of a length variable, is provided 
in order to specify the velocity values that are valid for this method. This is a rare 
occurrence in the methods. The data sets are established by filling in the valid length 
values to establish the corresponding velocity values and associating them with a value. 
The data sets developed are in Table 4.17. 
Table 4.17 Data Sets for Velocity Graph of ABS's Method 
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The resulting graph of value as a function of velocity is shown in Figure 4.7. The last 
specification is sea state. The method states that it is valid for all sea states. This 
corresponds to all sea state numerical values being paired with a value of 4. The two data 
sets chosen are found in Table 4.18. 
Table 4.18 Data Sets for Sea State Graph of ABS's Method 
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The designer will review the pressure prediction method graphs of the four key 
vessel specifications and determine the weights for the alternatives based on the current 
vessel design. The resulting local weights will be placed in the alternative weight matrix. 
These alternative weights, which are based upon the vessel specifications, will need to be 
reevaluated each time a different vessel is being analyzed. 
4.4.3 Alternative Weight Matrix 
The alternative weight matrix consists of the weights of the alternatives with 
respect to the sub-criteria. This matrix differs from the criteria matrices as it is not made 
up of pairwise comparisons. The weights are assigned by defining how well the 
alternatives meet the established criteria. The consistency of the assignments is a direct 
result of the designer using the spreadsheets and graphs defined in this section. The 
alternative matrix for this study can be found in Table 4.19. Notice that the weights of the 
first three rows of the matrix have been provided in Table 4.10 as these weights will 
remain unchanged for this work. The last four rows are dependent upon the vessel under 































































































































































































































































































































































































4.4.4 Incorporating a New Alternative 
If a new pressure prediction equation is developed, it can be incorporated into the 
Analytical Hierarchy Process model. The new alternative would be added to the lowest 
level of the hierarchy and a new column for the method would be placed in the alternative 
weight matrix. After thoroughly reviewing the equation and related literature, the user 
would add the alternative to Table 4.7, Table 4.8 and Table 4.9 to develop weights for the 
sub-criteria Variables with Uncertainty, Variables with High Confidence and 
Verification, respectively. The user would then develop vessel specification graphs as 
outlined in this chapter. The graphs would be based on vessel specification ranges 
outlined in the new method's literature and would lead to weight assignments for the four 
vessel specification sub-criteria. All seven sub-criteria weights corresponding to the 
method would be placed in the alternative weight matrix under the new method name. 
Once this was completed, the new equation would be implemented in the process and 
evaluated along with all other alternatives. 
4.5 CONSISTENCY RATIO 
Now that the weights for each sub-criteria element have been determined, those 
values are checked for possible inaccuracies. The results of the Analytical Hierarchy 
Process could be affected if comparison matrices were developed from poor judgments. 
The consistency of the pair-wise comparison matrices are determined by calculating the 
consistency ratio. 
Looking first at the sub-criteria of the Derivation of the Pressure Prediction 
Equation, we have the following priority vector 
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Priority Vector = [0.545, 
0.273, 
0.182] 
The priority vector consists of the weights of Table 4.4. The original matrix, from which 
the priority vector was derived, is the 3x3 matrix of Table 4.4, hence n=3.The 
corresponding comparison matrix, displayed in Table 4.3, is multiplied by the priority 
vector above. The elements within the newly created vector, a weighted sum vector, are 
divided by their respective priority vector elements. The sum of those values is 
determined and then divided by n to calculate the average. This number is the maximum 
eignenvalue, XmaXi and is found to be 
Xnax =3.000002 
The consistency index, CI, can now be derived from the following equation 
n-\ 
Therefore, the sub-criteria's consistency index is found to be 
CI = 1.120185 e-006 
Finally the consistency ratio, CR, is calculated from 
RI 
The value of the appropriate average random index, RI, is taken from Table 1.3. In the 
table, a matrix of order 3 is paired with a random index of 0.58. The consistency ratio is 
found to be 
CR = 1.931353 e-006 
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Judgments are viewed acceptable if the value of CR is less than 0.1; hence, the matrix 
passes the consistency test. 
Next, the sub-criteria weights of Vessel Specifications are reviewed for 
consistency. The matrix is a 4x4 matrix; therefore, n=4 in this case. The priority vector, 
found from the weight matrix of Table 4.6 is 




The comparison matrix for the sub-criteria, found in Table 4.5, is multiplied by the 
priority vector. The elements of the newly created vector are divided by their 
corresponding elements within the priority vector. The sum of all new values is divided 
by n to get an average. This value is the maximum eigenvalue 
Xmax=4.010359 
The consistency index can now be calculated 
CI = 0.003453 
The random index, RI, for n=4 can be found in Table 1.3 to be 0.9. The consistency ratio, 
CR, is now calculated as the ratio of CI to RI 
CR = 0.003837 
The consistency ratio is less than 0.1, which implies the judgments of the pairwise 
comparison are acceptable. 
The judgments required to develop the comparison matrices can be checked for 
consistency when the matrices are of order three and above. Also, only matrices 
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consisting of pair wise comparisons are evaluated for consistency, therefore, the sub-
criteria matrices were the only matrices reviewed in this section. If the matrices were 
found to have a consistency ratio greater then 0.1, the judgments would have been 
reviewed and revised. This would require reevaluating the pairwise comparison 
judgments in order to minimize conflicting assignments. 
4.6 SUMMARY 
In this chapter, the comparison matrices for the criteria levels of the hierarchical 
structure were established. From these matrices, local weights of the criteria and sub-
criteria were assigned. Methods were developed in order to determine the weights of the 
alternatives with respect to the sub-criteria. Assignment of four of the seven alternative 
local weights will depend upon the vessel under consideration; therefore, these weights 
are not set and will need to be inputted each time a new analysis is conducted. Next the 
sub-criteria comparison matrices, developed by the decision maker, were evaluated for 
accuracy by establishing the consistency ratio. Decisions leading to the criteria matrices 
were found to be consistent and therefore are expected to give good results. In the 
following chapter the local weights developed here will be used in order to develop the 
global weights of the alternatives. This will lead to a ranking of the results and a selection 
of the optimal pressure prediction equation for the vessel under consideration. 
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CHAPTER V 
DETERMINING GLOBAL WEIGHTS 
5.1 GENERAL 
The local priority weights for all criteria, sub-criteria and alternatives were 
defined in the previous chapter. It is time to synthesize those values in order to arrive at a 
global weight for each alternative. This requires combining local priority weights with 
respect to all successive levels within the hierarchy. Once this is complete, the optimal 
alternative will be defined. In this study, the optimal alternative will be the pressure 
prediction method providing the most accurate results for the vessel being designed. 
5.2 AGGREGATION OF WEIGHTS 
Aggregation of the hierarchical structure's local priority weights is conducted in 
this section. Further insight into the implications of the results is provided in order to 
stress the benefits of using the Analytical Hierarchy Process in the selection of the 
optimal pressure prediction equation. 
Sub-criteria Global Weights 
The first weights to be combined are that of the criteria and sub-criteria. The 
results of this aggregation will be called the sub-criteria global weights. The weights are 
found by multiplying local sub-criteria weights by their corresponding local criteria 
weights. The resulting weights, for this application, remain constant for the selection 
process, meaning that these values do not change as new vessels are considered. The 
global sub-criteria weights are found in Table 5.1. 
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Table 5.1 Sub-criteria Global Weights 
Global Sub-criteria 
Criteria Local Weight Sub-criteria Local Weight Weight 
Derivation of Impact 0.667 Variables with Uncertainty 0.545 0.364 
Pressure Equation Variables with High Confidence 0.273 0.182 
Verification 0.182 0.121 
Vessel Specifications 0.333 Length 0.351 0.117 
Displacement 0.109 0.036 
Velocity 0.189 0.063 
Sea State 0.351 0.117 
As seen in the table above, there are several criteria chosen by the decision maker 
which lead to the selection of the optimal alternative. Regarding the sub-criteria of this 
study, the element of Variables with Uncertainty has the largest global weight and will 
therefore have a great impact on the selection process. In looking at local weights, it can 
be seen that the numerical value of that element is largely due to the weight of its 
corresponding criteria, Derivation of the Pressure Prediction Equation, which is equal to 
0.667. It is also obvious from the table above that the element, Derivation of the Pressure 
Prediction Equation, is judged as more important in determining the optimal pressure 
prediction method than the element, Vessel Specifications. However, Vessel 
Specifications and the sub-criteria falling under it are vital to the selection process and 
are the only criteria that the designer can alter. It can be noted that the global sub-criteria 
elements Length and Sea State are of equal importance with a value of 0.117. This is a 
significant value, which is a clear indication that they are important factors. The designer 
needs to be precise in defining these variables as well as the other Vessel Specifications. 
The diagram representing the hierarchical structure shows the designer what 
criteria are considered and where they fall in the process. The global sub-criteria weights, 
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as well as weights of the criteria and sub-criteria, provide further insight as to the 
importance placed on those individual elements of the hierarchy. The decision makers 
can easily compare elements and reevaluate the criteria if the resulting weights are found 
to be inaccurate by inspection. This differs from other equation selection methods, such 
as regression analysis, where only the perceived optimal equation is determined. In 
methods such as these, little to no information is provided with regard to the selection 
process. The analytical Hierarchy Process offers a much more useful tool for the designer 
in that the decision factors are not only defined but quantified. The weights allow the 
designer to see what aspects of the design will have the greatest impact on the results. 
Global Weights 
Next, the sub-criteria global weights and the local alternative weights are 
aggregated to arrive at the global priority weights. The global priority weight of each 
method is determined by multiplying the global weight of each sub-criterion by the 
corresponding local alternative weight and adding the resulting values to get the total 
global score. The final step in arriving at the global weights involves normalizing the 
calculated weights so that their sum is equal to one and easily compared. Local 
alternative weights regarding Vessel Specifications will be unique to each design; 
therefore, the synthesis of weights will need to be reevaluated with each new analysis. An 
example of a spreadsheet showing all sub-criteria global weights, local alternatives 
weights and the resulting global weights for the vessel LCP-L MK4 can be found in 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































As seen in the preceding table, the scores, assigned to all ten alternatives with 
regard to the sub-criteria, and the resulting alternative weights are displayed under the 
corresponding alternative's name. Consequently, a designer can readily compare the 
alternatives with regard to a particular sub-criterion. In this study, if the designer wants to 
determine which method has the best pressure prediction equation with regard to 
variables containing uncertainty, he or she can do so by reviewing the spreadsheet. After 
looking at the weights within the example table, it can be concluded that the method by 
Allen and Jones and that by Spencer and Henrickson exceed the others in this respect. 
Both methods were assigned a global weight value of 0.095 as to Variables with 
Uncertainty. If the designer looks at the spreadsheet to determine how the methods 
compare as far as the verification criteria, he or she would find that the method of Allen 
and Jones has the highest global weight. The value of the weight, 0.032, results from a 
score of "good," which means the method was established from full scale testing of 
multiple hulls. Some of the scores within the example spreadsheet were inputted by the 
designer. It is assumed that the designer had knowledge of the vessel characteristics of 
the current design and assigned weights to those criteria based on the spreadsheets of 
Chapter IV. For instance, looking at global weights of Length leads to the conclusion that 
the current design consists of a length for which the methods of ABS and Lloyd's 
Register were developed. The design length falls just outside the length requirements of 
the Koelbel and Danahy methods but is well outside the range of the lengths for the 
remaining methods. Similarly, the spreadsheet shows that the displacement of the design 
under consideration falls perfectly within the range of displacement for the DNV method 
but is far outside the ranges set forth by the Heller and Jasper, Allen and Jones and 
Angeh methods. The preceding remarks make up only a sample of the observations that 
can be generated from the spreadsheet, demonstrating how informative the Analytical 
Hierarchy Process can be. 
Spreadsheets, developed in order to find the global weights, such as that in Table 
5.2, ultimately indicate the method providing the most robust pressure prediction 
equation; however, these spreadsheets contain information far greater than the conclusion 
alone. From the spreadsheet, the designer can determine the attributes of each alternative. 
This is achieved by looking at the scores assigned to the alternatives with respect to the 
sub-criteria. For example, a score of 0.513 or "outstanding" indicates the alternative 
completely satisfies the sub-criteria while a score of 0.034 or "poor" indicates the 
alternative does not satisfy the sub-criteria. Intermediate scores imply various stages of 
compliance according to the five point scale. The Analytical Hierarchy Process 
implicates the strengths and weaknesses of each alternative, giving the designer enhanced 
decision making tools. 
5.3 RANKING THE ALTERNATIVES 
Once the global priority weights have been calculated and their values 
normalized, the alternatives can be ranked. The alternative with the highest weight value 
is found to be the optimal alternative. This alternative is assumed to provide the most 
robust pressure prediction equation. The order of alternative preference, determined by 
the Analytical Hierarchy Process, can be found by arranging the weights from the highest 
value to the lowest value. The weights can then be assigned a number corresponding to 
their standing. This number will be referred to as the alternative's ranking, with a ranking 
of one corresponding to the optimal value. A ranking for each alternative will be 
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provided for all verification cases examined in this work. An example of ranking 
assignment can be seen in Table 5.2. The top two alternative equations are by the ABS 
and by Allen and Jones, respectively. 
5.4 SUMMARY 
In this chapter, the procedure for establishing the global weights of each 
alternative was defined. The weights of the preceding chapter were aggregated in order to 
derive the global weights of the sub-criteria and the global weights of the alternatives. An 
example spreadsheet was introduced to illustrate some key points. It was shown that the 
spreadsheets developed during the process provide significant information regarding the 
importance of the criteria chosen by the decision maker. They also indicate which 
alternative best meets the objective and the attributes of the alternatives that lead to this 




SENSITIVITY ANALYSIS BASICS AND PREVIEW ANALYSIS 
6.1 GENERAL 
Sensitivity analysis is the study of how sources of variation introduced in the 
input of a mathematical model can lead to variation or uncertainty within the output of 
that model [44]. A sensitivity analysis can provide information as to the robustness of a 
model. It attempts to identify the sources of uncertainty and to determine what sources 
weigh heaviest on the model's output or result. In doing so, a sensitivity analysis can 
order the strength and relevance of inputs regarding their influence on variation of the 
output. A sensitivity analysis is important in evaluating results obtained from multiple 
decision makers when a consensus regarding criteria importance is not required. 
Many procedures exist in which to perform a sensitivity analysis. One common 
approach is that of changing one input factor, the studied factor, by some increment to 
see what effect it has on the output. While the studied factor is changed, all other factors 
are held to their baseline value [36]. For example, the total change of the remaining 
factors is equal to the negative value of the studied factor's incremental change. With this 
method, any change in the output will undoubtedly be from the studied factor. Other 
methods may change more than one factor at a time; however, this makes it difficult to 
determine which factor, or factors, is leading to the variation in results. The one at a time 
approach also allows for ease in comparing results when multiple factors are studied, as 
all changes are computed from a common baseline. 
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6.2 SENSITIVITY ANALYSIS IN THE ANALYTICAL HIERARCHY PROCESS 
Sensitivity analysis lends itself well to subjective surroundings where quantifiable 
objectives as well as qualitative concerns are considered together. This type of analysis 
can be used, prior to full implementation of the AHP, in order to eliminate alternatives if 
those alternatives are found to be irrelevant [44]. Analyzing the alternatives prior to and 
during the decision making process may indicate that an alternative gives poor results 
and/or is not consistent. The decision maker may decide at that point to remove an 
alternative from the process. This must only be done if that alternative would not be 
selected as a possible solution through compromise of multiple decision makers. In this 
study, this will be known as a preview sensitivity analysis. 
Sensitivity analysis is additionally needed after implementing the AHP to provide 
credibility of the model by quantifying the robustness of alternative rankings under 
variations in the input assumptions or weights. Much of the uncertainty introduced in the 
model comes from poor judgments of the decision maker or decision making team. The 
weight of one criterion can be modified while holding all others to their baseline in order 
to compare rankings of all alternatives. This analysis also allows the user to determine the 
critical criteria of the hierarchy so that emphasis can be placed on determining those 
criteria weights. In this work, this type of analysis will be called a post sensitivity 
analysis. 
Performing a post sensitivity analysis of the Analytical Hierarchy Process of this 
study will differ from analyses of other applications. During the literature review, it was 
observed that when the process was employed in other works, the weights were derived 
for a one time use in a selection method. In this study, the four sub-criteria 
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corresponding to the vessel characteristics criterion are dependent on the vessel under 
consideration and will therefore change with each new design examined. This results in 
an unlimited number of assessments and corresponding alternative rankings for which a 
sensitivity analysis could be performed. The following preview sensitivity analysis will 
also require modifying the usual method in order to evaluate the present study. 
6.3 PREVIEW SENSITIVITY ANALYSIS 
The Analytical Hierarchy Process can be evaluated at intermittent steps in order to 
survey the decisions made up to that point. In the first two steps of the process, the 
criteria and sub-criteria are developed and assigned weights. No alternatives can be ruled 
out at these stages as not enough information has been collected with regard to the 
alternatives. After this the sub-criteria global weights are established. The next step 
involves evaluating the ten alternatives with respect to the global sub-criteria. Three of 
the seven alternative weights will remain unchanged once determined. These weights are 
in reference to the impact pressure equation. The other four will vary depending upon 
vessel specifications. Thus, alternatives can now be examined and compared regarding 
their ability to produce an adequate pressure prediction equation as defined by the 
decision maker. 
At this time, consideration can be given to one side of the hierarchical structure, 
that falling under the criteria of the impact pressure equation, as shown in Figure 3.1. The 
first three global sub-criteria weights regarding Derivation of the Pressure Prediction 
Equation are multiplied to their corresponding portion of the alternative matrix. The 
summation of the results gives a partial global weight. The partial global weights for each 
method, taken from Table 4.10, are shown in Table 6.1 below. 
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Table 6.1 Partial Weight of Alternatives Due to Derivation of Impact Pressure Equation 
Heller & Allen & Spencer & 
Jasper Jones Spencer Henrickson Koelbel Danahy Angeli ABS DNV Lloyds 
0.076 0.175 0.149 0.151 0.099 0.033 0.064 0.149 0.125 0.078 
From material presented in previous chapters, it is clear that the fractional values in Table 
6.1 make up the majority of the alternative's total global score. The partial weights serve 
as a good indicator of how well the impact pressure equation of each method is 
developed as perceived by the decision maker. The values of the weights are considerably 
diverse, ranging from 0.033 and 0.175. 
Adequate information has now been acquired to make a preview analysis. The 
pressure equation used in the design of a vessel hull is selected by determining the 
alternative with the largest total global score. Alternatives with extremely low partial 
global weight values are deemed irrelevant as they will never receive a top ranking and 
will therefore never be utilized. In cases such as this the decision maker establishes a 
benchmark which will be used to eliminate certain alternatives from further 
consideration. It is determined that alternatives with partial global score values less than 
0.1 will now be removed from further consideration in the Analytical Hierarchy Process. 
From this point forward, the following five alternatives will be included in the analysis: 
Allen and Jones, Spencer, Spencer and Henrickson, ABS and DNV. A diagram 
representing the new hierarchical structure which will be used for verification procedures 






















Figure 6.1 Final Hierarchical Structure for Selection of Optimal Pressure Equation 
In order to verify the results of the preview sensitivity analysis, the Analytical 
Hierarchy Process model, including all ten alternatives, will be used to determine the 
optimal pressure prediction equation for twenty test cases in the following verification 
chapter. The pressure values of those alternatives will be reviewed in order to discuss 
accuracy in their predictions and the results of the process model will be compared to full 
scale test data in order to justify the elimination of the five alternatives. 
6.4 SUMMARY 
In this chapter, the basic concepts of sensitivity analysis and its application to the 
Analytical Hierarchy Process were discussed. A preview sensitivity analysis was 
conducted to determine if any of the ten alternative pressure prediction methods studied 
in this work could be eliminated from further consideration. It was revealed that five of 
the ten methods provide a partial alternative weight low enough to warrant removing 
them from the process at this time. The remaining five methods were incorporated into a 
revised and streamlined hierarchy. This hierarchy will be used in the next chapter as the 
Analytical Hierarchy Process is fully applied to actual designs to select the optimal 
pressure equation. The findings will be compared to results of full scale testing data in 
order to validate the model. The elimination of the five alternatives resulting from the 
preview analysis will then be justified as the hierarchical model containing all ten 
alternatives will be utilized for verification purposes. The post sensitivity analysis, as 






At this point, the hierarchical structure has been formed from criteria set forth by 
the decision maker and from alternatives chosen for consideration. The criteria and sub-
criteria weights have been assigned and the procedures for prescribing the alternative 
weights have been outlined. If the required vessel specifications for a given hull design 
are obtained, the Analytical Hierarchy Process can now be used to select the optimal 
pressure equation. 
In this chapter, the Analytical Hierarchy Process model will be verified using 
available full scale data. Specifications of vessels having undergone full scale testing will 
be used to establish local alternative weights. These weights will subsequently be placed 
in the corresponding alternative matrix. The global weights can then be determined using 
the spreadsheet format found in Table 5.2. From this, the rankings can be assigned. The 
outcome of the rankings will be compared to published results of the full scale testing and 
pressure prediction methods in order to assess whether the objective has been met. The 
outcome of the preview analysis will be verified after obtaining results from a 
hierarchical model consisting of all ten alternatives and comparing those results to 
published full scale test data. 
7.2 FULL SCALE PRESSURE DATA 
In order to verify that the rankings of the Analytical Hierarchy Process are 
indicating the optimal pressure equation, the results will be compared to full scale testing 
data. A limited number of test results regarding the impact pressure of planing hulls are 
available today. A few of those available at the time of this study were referenced in the 
literature review and will now be used for verification purposes. 
7.2.1 Full-Scale Tests 
The thesis by Grimsley [22] referenced the findings of seven full scale tests. The 
results of the same seven tests will be utilized in this study and include the following 
vessels listed below. 
1. YP110, Motor Torpedo Boat, 1949 
2. LCP-L MK 4, Landing Craft, 1961 
3. CPDC-X, Coastal Patrol Interdiction Craft, 1974 
4. Lazarra 28, Pleasure Craft, 1985 
5. Island Class Patrol Boat, 1988 
6. Regal 20, Pleasure Craft, 1996 
7. Regal 24, Pleasure Craft, 1996 
Also within that work [22], the impact pressures forecasted by the various pressure 
prediction methods were calculated for each test case and displayed in spreadsheets 
within the work's appendix. The published full scale data and the product of the 
spreadsheets will be consulted and used in the current work to verify results of the 
Analytical Hierarchy Process. An overview of secondary data and the use of results 
produced in reference 22 are explored in Appendix B. 
The YP110, a motor torpedo boat having a length of 75 feet, was tested in severe 
conditions in order to determine the effects of dynamic loading [9]. The pressures 
encountered were recorded for the highest speeds and largest sea states perceived safe for 
passengers. A method for calculating the equivalent static loads was developed in the 
paper, followed by the results of the tests. 
The LCP-L MK4, a landing craft having a length of 36 feet, was tested to gather 
information needed in the design of high-speed vessels [24]. Pressure gages, located at 
several points along the craft's length, measured the data at various speeds. The tests 
were conducted in an intense sea state of six feet causing some of the equipment to fail, 
however, the published data is deemed reliable. 
The CPIC-X, a coastal patrol interdiction craft [25], was designed to reduce 
weight and achieve greater speeds than its predecessor. The 95 foot prototype was tested 
to evaluate the structural integrity of the vessel. Pressures were recorded at high speeds 
and elevated sea states. 
Testing by the Lazarra Marine Corporation was conducted on a yacht having a 
length of 28 feet [27]. The tests were conducted in order to determine how new hull 
materials would react to dynamic loading. Data regarding pressure and acceleration were 
gathered during the trial, which took place in a moderate sea state. 
The Island Class patrol boat, having a length of 110 feet, underwent testing to 
determine the structural effects of operating these vessels in extreme conditions [28]. 
During the tests, vessels were exposed to conditions ranging from moderate to extreme. 
Valuable data was collected as a series of tests were conducted for two displacements at 
varying velocities and sea states. 
Information regarding the testing of the 20 foot Regal and the 24 foot Regal is 
found in the thesis by Grimsley [22]. In reference 22, the pleasure craft were said to have 
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undergone testing in order to validate a computer program used to predict impact loading. 
Pressure data was collected as vessels traveled at speeds of 46 knots and above. 
7.2.2 Specifications of Tested Vessels 
Specifications of the seven vessels, which were introduced in the previous 
section, varied depending on intended use. The vessels also experienced diverse sea states 
while being tested. Table 7.1 displays several specifications regarding the tested vessels. 
The length, displacement, velocity and sea state values are needed in order to apply the 



















































































































































































































































































































































































7.3 TEST CASES 
In this section, application of the Analytical Hierarchy Process is demonstrated 
using the specifications of seven vessels that have undergone full scale testing. The 
process methodology is described and the resulting rankings are discussed. These 
applications serve as patch tests for the hierarchical model and verify the advantage of 
using the Analytical Hierarchy Process for cases in which the optimal pressure equation 
is already known. 
At this point, the decision maker has established the hierarchical structure and 
determined the criteria, sub-criteria and several of the alternative weights. In order to 
apply the Analytical Hierarchy Process, information regarding vessel specifications needs 
to be obtained. Specifically, the vessel's length, displacement, velocity and expected sea 
state need to be acquired. One test case for each of the seven vessels discussed in the 
previous section has been chosen for verification. 
7.3.1 Test Case One 
The vessel and specifications are as follows. 
Vessel: YP 110 
Length: 75 feet 
Displacement: 109,000 lbs 
Velocity: 35 knots 
Sea State: 5 feet 
The criteria, sub-criteria and alternative weights, which have been determined by 
the decision maker, and remain constant for our objective, are placed in a global weight 
spreadsheet similar to that of Table 5.2. The preview sensitivity analysis eliminated five 
of the initial ten methods from further consideration; hence the spreadsheet has been 
altered to include the remaining five methods. The new spreadsheet is found in Table 7.2. 
Additional information has been added to the spreadsheet for the purpose of displaying 
test data. The vessel name and key vessel specifications are displayed at the top of the 
spreadsheet. Next, the actual pressure recorded during the full scale test is shown, 
followed by the pressures predicted by the five alternative methods. For this test case, an 
actual pressure of 25.5psi was measured during full scale testing. The pressures 
calculated by the five methods ranged from 8.9- 27.6psi as seen in Table 7.2. The 
pressure values are adapted from the spreadsheets in reference 22 as discussed in the 
previous section. 
The vessel specifications of the test case are now compared to the vessel 
specification graphs of the pressure prediction methods. The graphs of the five alternative 
methods need to be consulted in order to determine local alternative weights. The graphs 
of the ABS can be found in Figures 4.5 through Figure 4.8 of Chapter IV. Those of Allen 
and Jones, Spencer, Spencer and Henrickson and DNV can be found in Appendix A. The 
value on the graph corresponding to the test specification is used to determine the weight 
as described in Chapter IV. For example, the corresponding length, displacement, 
velocity and sea state for the YP110 vessel are marked with open circles on figures A.9 
through A. 12 for the Allen and Jones method. From these figures the values and their 
corresponding weights can be determined. The weights are then placed in the spreadsheet 
under the title "Alternative Weights" and to the right of the specification to which they 
belong. The global weight is calculated by multiplying the global sub-criteria weight by 
the corresponding alternative weight and is then placed in the spreadsheet. The total 
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global score, found below the criteria in the spreadsheet, is determined by summing the 
seven global weights corresponding to that method. This process is repeated for all five 
methods. The five total global scores are then normalized for the last time. The rankings 
are determined as discussed in Chapter V and placed in the spreadsheet below the 
normalized global weights. The rankings are consulted in order to achieve the objective 
of selecting the optimal pressure equation. From the rankings in Table 7.2, it can be 
concluded that the pressure equation presented by Allen and Jones is the best and should 
be used in the design of the YP110. 
The Analytical Hierarchy Process was used in order to determine the total global 
scores of each alternative and their resulting rankings. These rankings can be compared to 
the test data within the spreadsheet of reference 22 to validate the hierarchical model. The 
pressure equation resulting in a pressure value closest to that experienced during the full 
scale testing was that by Allen and Jones. Their equation produced a resulting pressure of 
26.3psi where the actual measured pressure was 25.5psi. Allen and Jones also received 
the top ranking; therefore, for this test case, the model achieved the objective of selecting 
the optimal pressure equation. 
The Analytical Hierarchy Process was not only successful in meeting the 
objective; it also provided valuable information regarding the test case. The spreadsheet 
in Table 7.2 allows the designer to determine the strengths and weaknesses of each 
method with respect to the test case. The seven global sub-criteria used in the decision 
making process and their corresponding weights are provided. From the spreadsheet, it 
can be seen that the sub-criteria relative to the Derivation of the Pressure Prediction 
Equation are deemed more important than those of Vessel Specifications. Alternative 
weights can also be viewed in order to study the attributes of each method. The Allen and 
Jones method has higher alternative weights with regard to the Derivation of the Pressure 
Prediction Equation than those of the other four methods. This suggests that this method 
has a better impact pressure equation. In the test case, the alternative weights regarding 
Vessel Specifications indicate how well the YP110 specifications match those of a given 
method. From the spreadsheet it can be seen that this vessel had a velocity and sea state 
that fell in the range specified by Allen and Jones. The length of the YP 110 was slightly 
outside the length specification given in Allen and Jones' paper while the YP 110's 
displacement was far from that method's specification. When comparing all five 
alternatives as far as Vessel Specifications, the specifications of the YP110 best matched 
those defined by Spencer and those by Spencer and Henrickson. It is clear that the 
method by Allen and Jones received the top ranking as a result of having a good pressure 
equation and being developed for vessels similar to the YP 110. 
The process results for this test case prove to be robust. The post sensitivity 
analysis, conducted in the next chapter, will confirm that the results of the Analytical 





































































































































































































































































































































































































































































































































































































































































































































7.3.2 Test Case Two 
The vessel and specifications are as follows. 
Vessel: LCP-L MK4 
Length: 36.75 feet 
Displacement: 23,000 lbs 
Velocity: 20 knots 
Sea State: 6 feet 
The same spreadsheet will be used for this test case as it provides key information 
regarding the full scale tests and the alternatives. The test vessel and key vessel 
specifications are displayed at the top of the spreadsheet. The actual pressure recorded 
during the full scale test is displayed followed by the pressures predicted by the five 
alternative methods. For this test case, an actual pressure of 9psi was measured during 
full scale testing. The pressures calculated by the five methods ranged from 6.4- 17.9psi 
as seen in Table 7.3. The pressure values are adapted from the spreadsheets in reference 
22 as discussed in the previous section. 
The Vessel Specifications of the test case are now compared to the vessel 
specification graphs of the pressure prediction methods in order to determine local 
alternative weights. These local weights are then placed in the spreadsheet under the title 
"Alternative Weights." The global weights, total global scores and normalized global 
weights are calculated as before. From the rankings in Table 7.3, it can be concluded that 
the pressure equation presented by the American Bureau of Shipping (ABS) is the best 
and should be used in the design of the LCP-L MK4. 
The Analytical Hierarchy Process was used in order to determine the total global 
scores of each alternative and their resulting rankings. The pressure equation resulting in 
a pressure value closest to that experienced during the full scale testing was that by the 
ABS. Their equation produced a resulting pressure of 8.6psi where the actual measured 
pressure was 9psi. The ABS also received the top ranking; therefore, for this test case, the 
model achieved the objective of selecting the optimal pressure equation. 
The Analytical Hierarchy Process was not only successful in meeting the 
objective; it also provided valuable information regarding the test case. Observations 
regarding the weights of the Derivation of the Pressure Prediction Equation were 
discussed in the previous test case and because these weights remain the same, the 
implications of their values will not be reintroduced in this or other test case results. 
Alternative weights with respect to Vessel Specifications, however, will be viewed in 
order to study the attributes of each method. In the test case, the alternative weights 
regarding Vessel Specifications indicate how well the LCP-L MK4 specifications match 
those of a given method. 
The alternative weights of the ABS will be reviewed first as it was ranked as the 
top alternative. From the spreadsheet it can be seen that this vessel had a length and 
velocity that fell within the corresponding ranges specified by the ABS and a 
displacement and sea state that were just outside the specifications given in the ABS 
rules. From the spreadsheet it can be seen that the length of the LCP-L MK4 was poorly 
matched to all methods other than the ABS. The fact that the ABS is thought to best 
predict pressures of smaller vessels is worth noting. The velocity of the LCP-L MK4 was 
in the range of all five methods; therefore, this weight had no impact on the ranking. The 
sea state specification was in the range of the methods by Allen and Jones, Spencer, and 
that by Spencer and Henrickson but just outside the range of the ABS and DNV. In 
110 
comparing the alternative weights of the five methods, the greatest difference was seen in 
the displacement specification. The displacement ranges of the ABS and DNV most 
closely matched the displacement of the LCP-L MK4; however, little effect results from 
this specification due to its low global sub-criteria weight. In conclusion, it is determined 
that the strong specification correlation that resulted between the ABS rules and that of 
the LCP-L MK4 resulted in the ABS receiving the top ranking. 
The process results for this test case prove to be robust. The post sensitivity 
analysis, conducted in the next chapter, will confirm that the results of the Analytical 



































































































































































































































































































































































































































































































































































































































































































































7.3.3 Test Case Three 
The vessel and specifications are as follows. 
Vessel: CPIC-X 
Length: 95 feet 
Displacement: 157,500 lbs 
Velocity: 40 knots 
Sea State: 5 feet 
The same spreadsheet will be used for this test case as it provides key information 
regarding the full scale tests and the alternatives. The test vessel and key vessel 
specifications are displayed at the top of the spreadsheet. The actual pressure recorded 
during the full scale test is displayed followed by the pressures predicted by the five 
alternative methods. For this test case, an actual pressure of 35psi was measured during 
full scale testing. The pressures calculated by the five methods ranged from 9.4- 33.3psi 
as seen in Table 7.4. The pressure values are adapted from the spreadsheets in reference 
22 as discussed in the previous section. 
The weights are inputted into the spreadsheet by following the procedure outlined 
in test case one. From the rankings in Table 7.4, it can be concluded that the pressure 
equation presented by Allen and Jones is the optimal equation and should be used in the 
design of the CPIC-X. The pressure equation resulting in a pressure value closest to that 
experienced during the full scale testing was also that by Allen and Jones. Their equation 
produced a resulting pressure of 33.3psi where the actual measured pressure was 35psi. 
The method by Allen and Jones received the top ranking and was the most accurate at 
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predicting the actual pressure; therefore, for this test case, the model achieved the 
objective of selecting the optimal pressure equation. 
The Analytical Hierarchy Process was not only successful in meeting the 
objective; it also provided valuable information regarding the test case. Alternative 
weights with respect to vessel specifications will be viewed in order to study the 
attributes of each method and to determine how well the CPIC-X specifications match 
those of a given method. 
The alternative weights of the Allen and Jones method will be reviewed first as it 
was ranked as the top alternative. From the spreadsheet it can be seen that this vessel had 
a length, displacement, velocity and sea state that all fell within the corresponding ranges 
specified in the Allen and Jones method. This is because the Allen and Jones method was 
created from the testing of the CPIC-X. The spreadsheet shows that the CPIC-X had 
specifications in the ranges of the methods by Spencer and that of Spencer and 
Henrickson with the exception of the velocity specification, which was poorly matched to 
these methods. The CPIC-X also had specifications which fell in the ranges outlined in 
the DNV method with the exception of sea state, which fell just outside the DNV sea 
state range. The ABS received a poor rating with regard to velocity, but was a good 
overall match for other specifications of the CPIC-X. In conclusion, it is determined that 
the Allen and Jones method received the top ranking because the specification ranges of 
the method are the specifications of the CPIC-X and because the method has the largest 
impact pressure equation criteria weights. 
The process results for this test case prove to be robust and the post sensitivity 

























































































































































































































































































































































































































































































































































































































































































































7.3.4 Test Case Four 
The vessel and specifications are as follows. 
Vessel: LAZARRA 
Length: 28 feet 
Displacement: 7,100 lbs 
Velocity: 21 knots 
Sea State: 2 feet 
The same spreadsheet will be used for this test case as it provides key information 
regarding the full scale tests and the alternatives. The test vessel and key vessel 
specifications are displayed at the top of the spreadsheet. The actual pressure recorded 
during the full scale test is displayed followed by the pressures predicted by the five 
alternative methods. For this test case, an actual pressure of 1 lpsi was measured during 
full scale testing. The pressures calculated by the five methods ranged from 5- 9.8psi as 
seen in Table 7.5. The pressure values are adapted from the spreadsheets in reference 22 
as discussed in the previous section. 
The weights are inputted into the spreadsheet by following the procedure outlined 
in test case one. From the rankings in Table 7.5, it can be concluded that the pressure 
equation presented by the ABS is the optimal equation and should be used in the design 
of the Lazarra. The pressure equation resulting in a pressure value closest to that 
experienced during the full scale testing was that by the Allen and Jones. Their equation 
produced a resulting pressure of 9.8psi where the actual measured pressure was 1 lpsi. 
The method by ABS received the top ranking; however, the most accurate method at 
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predicting the actual pressure was by Allen and Jones. For this test case, the model did 
not achieve the objective of selecting the optimal pressure equation. 
The Analytical Hierarchy Process was not successful in meeting the objective; 
however, it provided valuable information regarding the test case. Alternative weights 
with respect to vessel specifications will be viewed in order to study the attributes of each 
method and to determine how well the Lazarra specifications match those of a given 
method. 
The alternative weights of the Allen and Jones method will be reviewed first as it 
produced the most accurate pressure prediction. From the spreadsheet it can be seen that 
the only vessel specification that was in a range identified in the Allen and Jones method 
was velocity. All other specifications fell well outside the corresponding ranges specified 
in the Allen and Jones method; therefore, it did not receive the highest ranking. The 
method of Spencer and that of Spencer and Henrickson were found to have similar vessel 
specification weights to that of the Allen and Jones method. The DNV method had a poor 
correlation to the Lazarra regarding length but rated well on all other specifications. The 
Lazarra had specifications which fell in the specification ranges or slightly outside the 
ranges of the ABS method resulting in this method being ranked number one. In 
conclusion, it is determined that the ABS method received the top ranking because the 
specification ranges of the method best reflect the specifications of the Lazarra. 
The process results for this test case are not robust; however, the post sensitivity 
analysis, conducted in the next chapter, will confirm that the results of the Analytical 
Hierarchy Process are not sensitive. Further review of the length and displacement 
specifications outlined in the Allen and Jones method is suggested as the method appears 
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to be better at predicting the impact pressure of smaller vessels than previously thought. 
This may lead to changes in the current specification ranges and improved accuracy of 



























































































































































































































































































































































































































































































































































































































































































































7.3.5 Test Case Five 
The vessel and specifications are as follows. 
Vessel: Island Class 
Length: 104 feet 
Displacement: 362,000 lbs 
Velocity: 24 knots 
Sea State: 10 feet 
The same spreadsheet will be used for this test case as it provides key information 
regarding the full scale tests and the alternatives. The test vessel and key vessel 
specifications are displayed at the top of the spreadsheet. The actual pressure recorded 
during the full scale test is displayed followed by the pressures predicted by the five 
alternative methods. For this test case, an actual pressure of 12.5psi was measured during 
full scale testing. The pressures calculated by the five methods ranged from 12.7- 24.1 psi 
as seen in Table 7.6. The pressure values are adapted from the spreadsheets in reference 
22 as discussed in the previous section. 
The weights are inputted into the spreadsheet by following the procedure outlined 
in test case one. From the rankings in Table 7.6, it can be concluded that the pressure 
equation presented by Spencer and Henrickson is the optimal equation and should be 
used in the design of the Island Class. The pressure equation resulting in a pressure value 
closest to that experienced during the full scale testing was also that by Spencer and 
Henrickson. Their equation produced a resulting pressure of 12.7psi where the actual 
measured pressure was 12.5psi. The method by Spencer and Henrickson received the top 
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ranking and was the most accurate at predicting the actual pressure; therefore, for this test 
case, the model achieved the objective of selecting the optimal pressure equation. 
The Analytical Hierarchy Process was not only successful in meeting the 
objective; it also provided valuable information regarding the test case. Alternative 
weights with respect to vessel specifications will be viewed in order to study the 
attributes of each method and to determine how well the Island Class specifications 
match those of a given method. 
The alternative weights of the Spencer and Henrickson method will be reviewed 
first as it was ranked as the top alternative. From the spreadsheet it can be seen that the 
Island Class had a length, displacement, velocity and sea state that fall within the 
corresponding ranges specified in the Spencer and Henrickson method. This method 
consists of broad specification ranges that include large scale vessels, moderate velocities 
and high sea states all of which correspond to vessels such as that of the current test case. 
The spreadsheet also shows that the Island Class had specifications falling in the ranges 
of those specified in the Spencer method. The Spencer method contains broad 
specification ranges similar to those ranges in the Spencer and Henrickson method. From 
the spreadsheet, it can be seen that the Island Class had specifications which fell in the 
ranges or slightly outside the ranges of the ABS and DNV methods. The Allen and Jones 
method was the least compatible method with regard to the Island Class. This method 
received a poor alternative weight rating with regard to displacement and sea state; 
however, it received an outstanding alternative rating with regard to length and velocity. 
In conclusion, it is determined that the Spencer and Henrickson method received the top 
ranking because the Island Class specifications fell in the specification ranges of that 
method and because the alternative has high impact pressure equation criteria weights. It 
is worth noting that the Spencer and Henrickson method appears to be good at predicting 
impact pressure for large vessels, such as the Island Class, traveling at moderate 
velocities in moderate to excessive sea states. 
The process results for this test case prove to be robust; however, the post 
sensitivity analysis, conducted in the next chapter, will confirm that the results of the 
Analytical Hierarchy Process are sensitive. The test case is sensitive to changes in both 
Variables with Uncertainty and Variables with High Confidence. When the sub-criterion 
Variables with Uncertainty is decreased by an increment of 0.02, the top ranking changes 
from the Spencer and Henrickson method to the Spencer method. Spencer's method does 
not lose the top ranking when the criterion is incremented further. The criterion has to be 
changed by -0.25 before the Spencer and Henrickson method loses the second ranking. 
When the sub-criterion Variables with High Confidence is increased by an increment of 
0.01, the top ranking changes from the Spencer and Henrickson method to the Spencer 
method. As for the previous case, Spencer's method does not lose the top ranking when 
the criterion is incremented further. The criterion has to be changed by 0.12 before the 
Spencer and Henrickson method loses the second ranking. Changes to the weights of the 
two sub-criteria, Variables with Uncertainty and Variables with High Confidence, in the 
direction indicated are unlikely to occur. The user would have to alter the comparison 





























































































































































































































































































































































































































































































































































































































































































































7.3.6 Test Case Six 
The vessel and specifications are as follows. 
Vessel: Regal 20 
Length: 20 feet 
Displacement: 36,000 lbs 
Velocity: 47 knots 
Sea State: 4 feet 
The same spreadsheet will be used for this test case as it provides key information 
regarding the full scale tests and the alternatives. The test vessel and key vessel 
specifications are displayed at the top of the spreadsheet. The actual pressure recorded 
during the full scale test is displayed followed by the pressures predicted by the five 
alternative methods. For this test case, an actual pressure of 6.8psi was measured during 
full scale testing. The pressures calculated by the five methods ranged from 9.5- 30.7psi 
as seen in Table 7.6. The pressure values are adapted from the spreadsheets in reference 
22 as discussed in the previous section. 
The weights are inputted into the spreadsheet by following the procedure outlined 
in test case one. From the rankings in Table 7.6, it can be concluded that the pressure 
equation presented by the ABS is the optimal equation and should be used in the design 
of the Regal 20. The pressure equation resulting in a pressure value closest to that 
experienced during the full scale testing was that by Allen and Jones. Their equation 
produced a resulting pressure of 9.5psi where the actual measured pressure was 6.8psi. 
The method by ABS received the top ranking; however, the most accurate method at 
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predicting the actual pressure was by Allen and Jones. For this test case, the model did 
not achieve the objective of selecting the optimal pressure equation. 
The Analytical Hierarchy Process was not successful in meeting the objective; 
however, it provided valuable information regarding the test case. Alternative weights 
with respect to vessel specifications will be viewed in order to study the attributes of each 
method and to determine how well the Regal 20 specifications match those of a given 
method. 
The alternative weights of the Allen and Jones method will be reviewed first as it 
produced the most accurate pressure prediction. From the spreadsheet it can be seen that 
the only vessel specification that was in a range identified in the Allen and Jones method 
was sea state. All other specifications fell well outside the corresponding ranges specified 
in the Allen and Jones method; therefore, it did not receive the highest ranking. The 
method of Spencer and that of Spencer and Henrickson were found to have similar vessel 
specification weights to that of the Allen and Jones method. The DNV method had a poor 
specification correlation to the Regal 20 regarding length but rated well on all other 
specifications. The Regal 20 had length, displacement and sea state specifications which 
fell in the specification ranges or slightly outside the ranges of the ABS method but a 
velocity specification that was well outside the method's range. In conclusion, it is 
determined that the ABS method received the top ranking because three of the four vessel 
specifications of the Regal 20 were within the ranges specified by the method. It is 
observed once again that the ABS method specifications lead one to believe it is suited 
for a wide range of vessels, including small vessels, yet the Allen and Jones method 
better predicts the actual pressure. 
The process results for this test case are not robust; however, the post sensitivity 
analysis, conducted in the next chapter, will confirm that the results of the Analytical 
Hierarchy Process are not sensitive. The same results of that of test case four are 
observed. Again, further review of the length and displacement specifications for the 
Allen and Jones method is suggested as the method appears to be better at predicting the 
impact pressure of smaller vessels than previously thought. The study may indicate that 
changes to the current specification ranges are warranted. The changes may lead to 


































































































































































































































































































































































































































































































































































































































































































































7.3.7 Test Case Seven 
The vessel and specifications are as follows. 
Vessel: Regal 24 
Length: 24 feet 
Displacement: 4,600 lbs 
Velocity: 46 knots 
Sea State: 4 feet 
The same spreadsheet will be used for this test case as it provides key information 
regarding the full scale tests and the alternatives. The test vessel and key vessel 
specifications are displayed at the top of the spreadsheet. The actual pressure recorded 
during the full scale test is displayed, followed by the pressures predicted by the five 
alternative methods. For this test case, an actual pressure of 1 lpsi was measured during 
full scale testing. The pressures calculated by the five methods ranged from 9.4- 22.5psi 
as seen in Table 7.8. The pressure values are adapted from the spreadsheets in reference 
22 as discussed in the previous section. 
The weights are inputted into the spreadsheet by following the procedure outlined 
in test case one. From the rankings in Table 7.8, it can be concluded that the pressure 
equation presented by the ABS is the optimal equation and should be used in the design 
of the Regal 24. The pressure equation resulting in a pressure value closest to that 
experienced during the full scale testing was also that by the ABS. The equation 
produced a resulting pressure of 11.8psi where the actual measured pressure was 1 lpsi. 
The method by the ABS received the top ranking and was the most accurate at predicting 
the actual pressure; therefore, for this test case, the model achieved the objective of 
selecting the optimal pressure equation. 
The Analytical Hierarchy Process was not only successful in meeting the 
objective; it also provided valuable information regarding the test case. Alternative 
weights with respect to vessel specifications will be viewed in order to study the 
attributes of each method and to determine how well the Regal 24 specifications match 
those of a given method. 
The alternative weights of the ABS method will be reviewed first as it was ranked 
as the top alternative. From the spreadsheet it can be seen that the Regal 24 had a length, 
displacement and sea state that all fell within or close to the corresponding ranges 
specified in the ABS method but a displacement that was far outside the specification 
range. The DNV method received an overall good rating with regard to the specifications 
of displacement, velocity and sea state but a poor rating with regard to length. The three 
remaining methods proved to have little overall correlation to the specifications of the 
Regal 24. In conclusion, it is determined that the ABS method received the top ranking 
because the specifications of the Regal 24 fall within, or more closely to, the ranges of 
that method. 
The process results for this test case prove to be robust and the post sensitivity 































































































































































































































































































































































































































































































































































































































































































































7.3.8 Summary of Test Cases 
The modified Analytical Hierarchy Process chose the optimal equation in five of 
the seven test cases. While the test cases discussed in this section showed favorable 
results, additional cases will be evaluated to draw further conclusions. In the next section, 
data gathered from additional full scale tests of the seven vessels will be compared to 
results of the Analytical Hierarchy Process. 
For comparison purposes, the traditional Analytical Hierarchy Process has been 
implemented on the same seven test cases following a preview sensitivity analysis of that 
model. The traditional and the modified Analytical Hierarchy Processes indicated the 
same equation to be the optimal equation for all seven cases. The results of the traditional 
Analytical Hierarchy Process can be found in Appendix C. 
7.4 ADDITIONAL RESULTS 
In the previous section, the Analytical Hierarchy Process was applied to seven test 
cases in order to explore the validity of the hierarchical model. In this section, the model 
will be validated once the rankings from several applications are compared with results 
obtained from the full scale tests. The results of the initial and supplemental test cases are 
also explored in order to determine the deficiencies of the model with respect to the 
alternatives. 
7.4.1 Supplemental Test Cases 
A total of twenty data sets from reference 22, including the seven test cases in the 
previous section, have been randomly chosen in order to validate the model. The same 
procedure as that of the previous section was followed for each new test case. The results 
of the additional test cases further substantiated the model. The results of the additional 
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test cases can be found in Appendix D. From these spreadsheets, the rankings can be 
compared to the actual pressure and those predicted by the methods. 
After analyzing all cases, it was found that the Analytical Hierarchy Process 
accurately predicted the optimal pressure equation in fifteen of the twenty test case 
applications. Of the five incorrect predictions, the analytical hierarchy process ranked the 
optimal method number 2 in four cases, lending to the efficacy of the process. The model 
created in order to implement the Analytical Hierarchy Process is therefore considered to 
be suitable in selecting a pressure equation. A spreadsheet depicting the overall results for 
all twenty data sets can be found in Table 7.9. 
7.4.2 Model Deficiencies 
In order to explore possible deficiencies in the hierarchical model, the five test 
cases resulting in a poor correlation between full scale testing data and the Analytical 
Hierarchy Process rankings, were studied. In test case three and eleven, the method by 
Allen and Jones best predicted the actual pressures; however, the method by the ABS was 
ranked 1. This is due to the fact that vessel specification sub-criteria weights of Allen and 
Jones were extremely low. This method has a more limited range than other methods as 
the equation is based on one vessel. Further research into whether the method can be used 
for a wider range of vessel specifications, specifically length and displacement, may lead 
to better correlation of results. In test case seventeen and twenty, the method by Spencer 
and Henrickson best predicted the actual pressures; however, the method by the Spencer 
was ranked 1. The lower ranking of the method by Spencer and Henrickson was due to a 
smaller alternative weight with regard to velocity. The method states it is applicable to 
vessels with speeds of 16- 24 knots; however, it has been seen that the method is actually 
good at predicting pressures of vessels traveling at higher speeds. Further research 
regarding the method's applicability to higher velocities may lead to improved 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































7.5 VERIFICATION OF PREVIEW SENSITIVITY ANALYSIS 
The preview sensitivity analysis outlined in Chapter VI will now be verified 
through application of the Analytical Hierarchy Process. The same procedure used in this 
chapter to verify the results of the hierarchical model consisting of five alternatives will 
now be applied to the initial hierarchical model consisting of all ten alternatives. The 
procedure followed in order to reach the objective remain the same regardless of the 
number of alternatives; therefore, the steps will not be restated. The process has been 
applied to the same twenty test cases as that of the previous section. The results of the 
Analytical Hierarchy Process and that of the pressure prediction methods are displayed in 
a spreadsheet in Table 7.10. 
After reviewing the results in Table 7.10 and the pressure data from reference 18, 
the following conclusions can be made. The five alternatives eliminated from further 
consideration during the preview sensitivity analysis never received the top ranking. The 
objective of the Analytical Hierarchy Process is to select the optimal pressure prediction 
method; therefore if the designer uses the results of the process those methods would not 
be selected for use in the design of a vessel. This validates removal of the five methods as 
the purpose of the preview analysis was to exclude irrelevant alternatives. Further review 
of the data presented in reference 22 reveals that when the excluded methods produce a 
pressure prediction that closely matches the actual pressure experienced through full 
scale tests, they do so with little consistency. The methods by Danahy and Lloyds 
produce the occasional best prediction; however, the methods produce the same 
numerical value for multiple test cases having significant variations in the specifications. 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































In this chapter, the Analytical Hierarchy Process was applied to vessels that have 
undergone full scale testing. Data, collected during the tests, was compared to results of 
the process in order to validate the hierarchical model. The model was validated as it 
proved to be accurate in seventy five percent of the cases reviewed. The results of the 
preview sensitivity analysis were verified when the Analytical Hierarchy Process was 
applied using all ten initial alternatives and the results compared to full scale test data. In 
the next chapter, the post sensitivity analysis of the Analytical Hierarchy Process will be 
conducted. The analysis will provide valuable information regarding the robustness of the 
model and will show how the rankings of the alternatives are affected by changes in the 
sub-criteria weights. 
CHAPTER VIII 
POST SENSITIVITY ANALYSIS 
8.1 GENERAL 
The basic principles of sensitivity analysis and its relevance to the Analytical 
Hierarchy Process were introduced in Chapter VI. The concepts of both preview and post 
sensitivity analyses were discussed followed by the implementation of a preview 
sensitivity analysis on the hierarchical model of this study. Several alternatives were 
eliminated from further consideration as a result of that analysis, leading to a revision of 
the hierarchical structure. The outcome of the preview sensitivity analysis was verified in 
Chapter VII as the Analytical Hierarchy Process was applied to all ten initial alternatives 
and the results compared to full scale test data. In this chapter, a post sensitivity analysis 
will be conducted on the modified model and the implications of the results will be 
explored. The outcome will indicate whether the model is stable and which weights 
weigh heaviest on the rankings. 
8.2 IMPLEMENTATION OF THE POST SENSITIVITY ANALYSIS 
The post sensitivity analysis of the Analytical Hierarchy Process model will be 
executed one variable at a time. This entails incrementing one variable, in this case one 
sub-criteria weight, while holding all others to their baseline values. The process 
procedure will then be followed in order to derive the optimal pressure prediction 
method. The model's output will be evaluated and the process repeated as the sub-criteria 
weight is both increased and decreased by an increment of 0.01, one step at a time, until it 
reaches either 0 or 1. The outcome is studied in order to determine the point at which the 
top ranking becomes assigned to an alternative other than that produced by the original 
sub-criteria weights. The total incremental change of the sub-criteria weight resulting in a 
new top ranking, is recorded. The relative change in the sub-criteria weight can then be 
evaluated in order to determine the robustness or stability of the model. The relative 
change of all sub-criteria weights can be compared, as they indicate the degree to which 
the weights affect the model. 
In other applications of the Analytical Hierarchy Process, the alternative weights 
are derived from expert opinions and remain fixed once determined. A sensitivity 
analysis is conducted by altering the sub-criteria weights and evaluating the resulting 
rankings. Since the weights are fixed, the process is complete after one analysis. In this 
work, the alternative weights regarding vessel specifications will be assigned based upon 
the vessel under consideration. Those alternative weights are multiplied by their 
corresponding sub-criteria weights; therefore ,numerous potential outputs exist. In this 
study, the sensitivity analysis will be conducted on all twenty test cases of the preceding 
chapter and the results combined in order to reach a consensus. 
A MATLAB program was written to perform the post sensitivity analysis. The 
program determines the normalized global weight of each alternative resulting from each 
incremental change. An incremental value of 0.01 was used for this sensitivity analysis. 
From the global weight values, the total increment needed in order to affect the rankings 
of the alternatives can be determined. Both the total incremental increase and the total 
incremental decrease resulting in a new top ranking are ascertained from the program. 
Once the total incremental changes have been obtained, the ratio of the total incremental 
changes to the original sub-criteria weight is calculated. The ratio is then converted to a 
percentage that represents the relative change in weight needed to alter the top ranking of 
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the alternatives. The incremental increase, incremental decrease and relative change of 
the seven sub-criteria weights with resoect to all twentv test cases are found in Table E. 1 
of Appendix E. The computer code developed in order to conduct the sensitivity analysis 
and a sample of its output can also be found in Appendix E. In the next section, the 
results of the sensitivity analysis will be discussed and the sub-criteria weights will be 
compared as to their relevance on the outcome. 
8.3 RESULTS 
The post sensitivity analysis is a procedure used to identify the extent to which the 
sub-criteria weights within the hierarchy can be varied before the rankings of the 
alternatives are affected. This procedure is carried out following application of the 
Analytical Hierarchy Process as the weights are largely responsible for determining the 
alternative rankings. The model is found to be sensitive if moderate changes in sub-
criteria weights produce significant changes in the rankings of alternatives. 
The sensitivity analysis, including all 20 test cases, has led to the following 
conclusions. First, the sub-criterion called Variables with Uncertainty was found to have 
the greatest impact on the rankings of alternatives. The smallest relative change needed to 
cause the top ranking to change from one alternative to another, while this sub-criteria's 
weight was being increased, was 11%. This means that if this sub-criteria's weight is 
increased by 11% of its original value, or 0.04, then the Analytical Hierarchy Process 
model will select a different alternative as the optimal solution. Similarly, the smallest 
relative change needed to cause the top alternative ranking to change as this sub-criteria 
weight was being incrementallv decreased was 5%. The analysis emphasizes the fact that 
moderate incremental increases, as well as moderate incremental decreases, of the sub-
criteria weight Variables with Uncertainty will result in changes in the top alternative 
ranking. It can be inferred that this sub-criteria weight should not be increased beyond 
11% or decreased beyond 5% of its original value in order to maintain the accuracy of the 
model. It is, however, highly unlikely that those objectionable weight changes would be 
incorporated, as this would require modifications to judgments placed in the comparison 
matrix. The increase of 11% needed to alter the top ranking is significant, indicating that 
the model is not sensitive to the sub-criteria weight change in that direction. The decrease 
of 5% is relatively small so further evaluation is needed. When reviewing the Derivation 
of Impact Pressure Equation comparison matrix, it is noted that Variables with 
Uncertainty was declared slightly more important than Verification and between equal 
and slightly more important than Variables with High Confidence. In order to arrive at a 
Variables with Uncertainty sub-criteria weight that has been reduced by 5%, the decision 
maker would have to alter these comparisons indicating the three criteria are even closer 
in significance than already implied. The findings in the current study indicate there is a 
difference in the impact that the three criteria have on selection of the optimal pressure 
prediction equation. Various Variables with Uncertainty have been found to be good 
indicators of the quality of the impact equation; therefore, it is unlikely the value of this 
weight would be reduced in the future. Also worth noting is the fact that it was the 
smaller test vessels that produced the small relative changes due to increasing the weight 
of Variables with Uncertainty and the larger test vessels that produced the small relative 
changes due to decreasing the same weight. This implies that the selection of the optimal 
impact pressure equation for smaller vessels is less dependent on this criteria than the 
selection of the optimal impact pressure equation for larger vessels. 
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The sub-criteria named Variables with High Confidence also had a significant 
impact on rankings. The smallest relative change needed to cause the top ranking to 
change from one alternative to another, while this sub-criteria's weight was being 
increased, was 5%. This means that if this sub-criteria's weight is increased by 5% of its 
original value, or 0.01, then the Analytical Hierarchy Process model will select a different 
alternative as the optimal solution. Likewise, the smallest relative change needed to cause 
the top alternative ranking to change as this sub-criteria weight was being incrementally 
decreased was 16%. As in the case of Variables with Uncertainty, it was observed from 
various test cases that incremental increases as well incremental decreases in the weight 
of Variables with High Confidence result in changes in the ranking order of the 
alternatives. The results imply the weight of the Variables with High Confidence criterion 
should not be increased beyond 5% or decreased beyond 16% to maintain the current 
level of precision. Changes to the comparison matrix judgments would be needed to 
incorporate any modifications to the weights. The 16% reduction in the sub-criteria 
weight needed to alter the top ranking is significant, indicating the model is not sensitive 
to changes in this direction. The 5% increase is relatively small; therefore, further 
assessment is needed. As in the last case, the Derivation of Impact Pressure Equation 
comparison matrix is reviewed. The same relationships exist as before. Now, the 
judgments regarding the importance of Variables with High Confidence as compared to 
the other two criteria, Variables with Uncertainty and Verification, are examined. The 
matrix reveals the same results as before, Variables with High Confidence is considered 
to be slightly less important than Variables with Uncertainty and slightly more important 
than Verification in determining the optimal impact pressure equation. An increase in the 
144 
criterion's weight, such as 5%, would imply that Variables with High Confidence is equal 
or nearly equal in importance to that of Variables with Uncertainty. This is contrary to 
information gathered during the literature review and testing results, as they show a slight 
difference in the significance of the two criteria. The Variables with a High Confidence 
criterion is slightly less important in selecting the optimal equation, and it is not likely to 
be increased or judged as equal to that of Variables with Uncertainty in the future. An 
observation worth noting is the fact that it was the larger test vessels that produced the 
small relative changes due to increasing the weight of Variables with High Confidence 
and the smaller test vessels that produced the small relative changes due to decreasing the 
same weight. This is opposite to the Variables of Uncertainty criterion and implies that 
the selection of the optimal impact pressure equation for larger vessels is less dependent 
on this criterion than the selection of the optimal impact pressure equation for smaller 
vessels. 
An evaluation of the incremental decreases in Variables with Uncertainty and the 
incremental increases in Variables with High Confidence that resulted in the 5% relative 
changes revealed that they occurred in the same four test cases. In all four cases the 
sensitivity analysis ascertained that the top ranking, initially given to the Spencer and 
Henrickson method, was assigned to the Spencer method as the weights were 
incremented as previously defined. All four test cases involve the Island Class vessel at 
various loads, velocities and sea states. The test case numbers include 5,10, 11 and 14. 
The following information describes the vessels and sea states. 
Test Case 5: Island Class, heavy load, 24 knots, 10 ft sea state. 
Test Case 10: Island Class, light load, 36 knots, 10 ft sea state. 
Test Case 11: Island Class, heavy load, 36 knots, 10ft sea state. 
Test Case 14: Island Class, light load, 24 knots, 10 ft sea state. 
A closer look at the test case tables in Appendix D revealed that the Vessel Specification 
weights for the Spencer and Henrickson method and the Spencer method are extremely 
similar if not identical for these test cases. This means that the sub-criteria weights of the 
Derivation of Impact Pressure Equation will define the top ranking, not the sub-criteria 
weights of Vessel Specifications. Because the sub-criteria weights of Variables with 
Uncertainty and Variables with High Confidence are leading to the low relative changes, 
these weights will be reviewed. The Spencer and Henrickson method has a Variables 
with Uncertainty weight of 0.261 and the Spencer method has a Variables with 
Uncertainty weight of 0.129. The Spencer and Henrickson method has a Variables with 
High Confidence weight of 0.261 and the Spencer method has a Variables with High 
Confidence weight of 0.513. It is noted that the Spencer and Henrickson method has a 
larger weight with regard to Variables with Uncertainty and the Spencer method has a 
larger weight with regard to Variables with High Confidence. If the Variables with 
Uncertainty weight is decreased, the Spencer method receives the top ranking because 
less importance is placed on Variables with Uncertainty, and more importance is placed 
on Variables with High Confidence. Likewise, if the Variables with High Confidence 
weight is increased, the Spencer method receives the top ranking because more 
importance is placed on Variables with High Confidence, and less importance is placed 
on Variables with Uncertainty. The results are in agreement with each other, as 
increasing Variables with High Confidence is similar to Decreasing Variables with 
Uncertainty. It is again stated that Variables with Uncertainty is slightly more important 
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than Variables with High Confidence in selecting the optimal pressure prediction method; 
therefore, it is unlikely a decision maker would alter the weights significantly, bringing 
these weight values closer together, affecting the accuracy of the results. Incremental 
changes of these two weights in the opposite direction can be somewhat larger as shown 
by the slightly larger relative weights. 
Incremental changes to the other five sub-criteria weights: Verification, Length, 
Displacement, Velocity and Sea State are found to have little to no effect on the rankings. 
Review of the sensitivity analysis reveals that verification has the lowest relative weight; 
however, it is 33%. This means that the weight would have to be altered by 33% of its 
original value in order to affect the top ranking of the alternatives. This is a significant 
relative change lending to the stability of the model. The Vessel Specifications sub-
criteria were found to have even higher relative weights or no affect at all on the top 
ranking of the alternatives. This further implies stability within the model. 
Another important aspect of the post sensitivity analysis is the ability to determine 
the critical criteria. Critical criteria are those criteria which weigh heaviest on the model's 
output. Two sub-criteria, Variables with Uncertainty and Variables with High 
Confidence, are found to be critical criteria. Varying the weights of these two criteria will 
lead to the greatest change in alternative rankings. It is suggested that the decision maker 
evaluate these criteria weights very carefully before changing the values presented in this 
study, as accurate assignments regarding these weights is key to meeting the objective of 
the Analytical Hierarchy Process. 
In conclusion, the model is found to be slightly sensitive to changes that would 
bring the sub-criteria weights of Variables with Uncertainty and Variables with High 
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Confidence closer in value. The sensitivity analysis determined this to be the only area of 
concern. An increase greater than 5% in the weight of Variables with High Confidence 
and a decrease greater than 5% in the weight of Variables with Uncertainty will affect 
20% of the test case rankings. According to literature on the subject, when a sensitivity 
analysis determines a ranking to be highly sensitive to changes in criteria weights, a 
review of the weight is recommended. The review may conclude that the original weight 
needs to be modified or that additional criteria need to be added to the model. In this 
chapter, the sensitivity analysis results of the two critical criteria were reviewed. It is 
determined that no additional criteria are needed as the judgments are found to be 
accurate and unlikely to be changed in the future. The model, in its present state, is 
deemed to be stable with regard to rankings of the alternatives and can be used to select 
the optimal pressure prediction equation. 
CHAPTER IX 
CONCLUSIONS AND RECOMMENDATIONS 
9.1 CONCLUSIONS 
The procedure for selecting the optimal pressure equation using the Analytical 
Hierarchy Process has been formulated. The methods used to establish the criteria of the 
model and place the criteria in a hierarchical structure have been developed. The 
approach used to establish the weights of the criteria has been defined. The Analytical 
Hierarchy Process has been implemented using known vessel specifications, and the 
resulting rankings have been compared to full scale testing data. The sensitivity of the 
model has been explored and the robustness has been demonstrated. In addition, the 
benefits of using a decision making process in engineering design has been discussed. 
9.1.1 Impact Pressure Equation 
General conclusions regarding the impact pressure equation can be made. First, 
the Analytical Hierarchy Process is a decision making tool that can be used to select the 
optimal pressure prediction equation. If the designer follows the procedure outlined in 
this work, the hierarchy will lead to a ranking of the pressure prediction equation 
alternatives and thus the optimal equation. Second, there is a direct correlation between 
the vessel specifications of the design under consideration and the optimal pressure 
prediction equation. Third, there is no one optimal pressure prediction method. The best 
equation for the vessel under consideration can be selected using the method outlined in 
this work. 
9.1.2 Analytical Hierarchy Process 
Conclusions regarding the Analytical Hierarchy Process include the following 
statements. First, the Analytical Hierarchy Process can be successfully implemented in 
the field of engineering to select a design equation. Second, because the criteria weights 
are largely responsible for the rankings of the alternatives, decision makers should have a 
thorough understanding of the subject matter. Uncertainty, resulting from a lack of 
knowledge in the area, can lead to variation in the inputs and inaccurate rankings. Third, 
a sensitivity analysis should be conducted during and following implementation of the 
Analytical Hierarchy Process. A preview sensitivity analysis allows irrelevant 
alternatives to be eliminated from further consideration and a post sensitivity analysis 
determines whether the model is robust. Fourth, the Analytical Hierarchy Process not 
only predicts an optimal solution, it also provides the designer with valuable information. 
The process indicates the attributes of the alternatives and defines the critical criteria 
within the hierarchical model. 
9.1.3 Limitations 
While an extensive literature review of pressure prediction methods was 
conducted, the effort was by no means all inclusive. A limitation of the current work is 
the fact that ten methods were selected for evaluation. Additional methods are available 
which claim to accurately predict the impact pressure. Although the Analytical Hierarchy 
Process defines the optimal method, the decision is restricted to the ten chosen methods. 
In the test cases, the rankings of the alternative methods resulting from 
application of the Analytical Hierarchy Process were compared to the full scale testing 
data. At the time of this study, a finite number of full scale tests had been conducted; 
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thus, very little data was available. Having little testing data in order to validate the 
model is another limitation of this work. 
9.1.4 Proposed Analytical Hierarchy Process Procedure for New Vessel Design 
In order to select a pressure equation for use in the design of a new vessel, the 
designer would follow the procedure below. The procedure uses the Analytical Hierarchy 
Process to select a pressure prediction equation from five alternatives chosen in this 
study. 
1. Determine the following vessel specifications for the new design: length, 
displacement, intended velocity and expected sea state. 
2. Create the spreadsheet of Table 9.1 (Section 9.1.4). 
3. Determine the alternative weights with respect to vessel specifications using the 
information in step one and the vessel specification graphs of the alternatives 
(Section 4.4.2, Appendix A). Place the weights in the process spreadsheet created 
in step two to complete the Alternative Weight column for each alternative. 
4. Complete the Global columns of the process spreadsheet (Section 5.2). First, 
calculate the Global Weight for all four vessel specifications of alternative one. 
Next, sum the results to determine the Total Global Score. Repeat the process for 
all five alternatives. Finally, normalize the Total Global Scores of the five 
alternatives to determine the Normalized Global Weights. Place all values in the 
process spreadsheet. 
5. Rank the alternatives (Section 5.3). 
6. Select the pressure equation to be used in the design of the new vessel. 
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9.1.5 Summary of Results 
The Analytical Hierarchy Process is implemented to develop a decision making 
hierarchy that predicts the optimal pressure prediction method. The method by which the 
hierarchy was developed has been thoroughly outlined and the tools used in its 
construction have been provided. The analytical hierarchy was then implemented on 
seven test cases and the resulting rankings were compared to that of full scale data. The 
test cases presented in the literature and the supplemental test cases are in overall 
agreement with full scale pressure data. The development and validation of the 
hierarchical model meets the first objective of this work. 
The Analytical Hierarchy Process provides an effective means by which the 
optimal pressure equation can be selected. The capabilities of the Analytical Hierarchy 
Process have proven to be applicable to engineering design in general when the designer 
wants to select the most robust equation from multiple existing equations. The method 
allows the designer to establish key criteria in multi decision making process while the 
output provides valuable information regarding the critical criteria of the model. 
Sensitivity analyses are performed on the Analytical Hierarchy Process model 
both during the model development and following implementation of the model. The 
preview and post sensitivity analyses are conducted to determine irrelevant alternatives or 
criteria, to determine critical criteria of the hierarchy model and to ensure the model is 
robust. The preview sensitivity analysis led to a revised hierarchical model as irrelevant 
alternatives were removed from further consideration. From the post sensitivity analysis, 
the critical criteria were found to be the Variables with Uncertainty and Variables with 
High Confidence. The model is robust and only slightly sensitive, as changes in the two 
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critical criteria of greater than 5% are needed to change the top ranking of four of the test 
cases. It has also been shown how the process defines the attributes of the individual 
pressure equations. The alternative global weights of each sub-criterion are indicators of 
the strengths and weaknesses of the pressure prediction methods. This information can be 
used by the designer to improve the applicability of a pressure prediction equation. 
Conducting the sensitivity analyses of the Analytical Hierarchy Process methodology and 
determining each pressure equation's attributes satisfy objective three of this study. 
9.2 RECOMMENDATIONS FOR FUTURE WORK 
Future studies related to the present work are recommended. The present work 
provides a background for the following additional works: 
1. Conduct full scale tests on current vessels to collect reliable pressure data. 
Compare the results of the Analytical Hierarchy Process model to the new pressure data 
to further validate the model. 
2. Study the Allen and Jones method to determine if the specification ranges for 
length and displacement could be altered to include application of the equation to smaller 
vessels. Study the Spencer and Henrickson method to determine if the specification range 
for velocity could be altered to include application of the equation to vessels traveling at 
higher velocities. If changes to the specifications are warranted, they should be 
implemented and their effects on the process success rate should be studied. 
3. Implement the Analytical Hierarchy Process in other engineering applications 
in order to select a design equation. 
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APPENDIX A 
VESSEL SPECIFICATION GRAPHS OF PRESSURE PREDICTION 
METHODS 
Each pressure prediction method claims to be valid for a specific set of vessel 
specifications. Graphs created to assign alternative weights are developed from these 
specifications as outlined in Chapter IV. Graphs of the specifications for the method 
developed by Heller and Jasper and graphs for the procedure outlined by the ABS were 
given in Chapter IV. In this appendix, graphs of the four vessel specifications for the 
eight remaining alternative methods are provided. First, the ranges for the vessel 
specifications are revisited. 
Heller & 
Jasper 
Table A.l Alternative Vessel Specifications 
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Figure A. 11 Allen and Jones: Velocity 
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Figure A. 15 Angeli: Velocity 














5 3.5 4.5 5.5 6.5 7 
Sea State (feet) 
5 














5 50 65 80 95 110 125 140 
Length (feet) 
Figure A. 17 Spencer and Henrickson: Length 
I 






2000 72000 142000 212000 282000 
Displacement (lbs) 
352000 422000 












1 13 15 17 19 21 23 25 27 29 
Velocity (knots) 









Spencer & Henrickson: Sea State 
5 4.5 
^ < » — - ^ ^ ^ 
6 7.5 9 
Sea State (feet) 




















0 100 200 
Length (feet) 
300 400 

















100000 200000 300000 
Displacement (lbs) 
400000 500000 














0 10 20 30 40 50 60 
Velocity (knots) 



















) 2 4 6 8 10 1 
Sea State (feet) 
• 
2 

















35 50 65 80 95 110 
Length (feet) 
125 140 













) 500 1000 
Displacement (lbs) 























18 20 22 24 
Velocity (knots) 






26 28 30 
Figure A.27 DNV: Velocity 


















0 2 4 6 8 10 12 
Sea State (feet) 

















0 40 80 120 
Length (feet) 
160 200 

















100000 200000 300000 
Displacement (lbs) 
400000 500000 











10 20 30 40 
Velocity (knots) 
50 60 
Figure A.31 Lloyd's: Velocity 
Lloyds: Sea State 
a 
> ° 







Sea State (feet) 
10 12 




In research, data that is observed, collected or processed by the researcher is 
known as primary data. Preexisting data that has been adapted from other sources for use 
in a new study is known as secondary data. Secondary data analysis uses primary data to 
explore the findings in an original manner. Advantages of using secondary data include 
saving the researcher time and expense. The data set may also include key information 
that would otherwise be unobtainable by the researcher. Not having a good sense of the 
quality of secondary data is a disadvantage of using preexisting data. This is a major 
concern and requires that the user analyze the acquired data prior to use in new research. 
In this study, pressure data collected during seven full scale vessel tests has been 
obtained from multiple sources. Papers written regarding five of the seven vessels have 
been studied to determine why the data was collected, how the data was collected and the 
credentials of the sources. Documentation regarding the remaining two vessels, published 
in reference 22, was also reviewed. It was determined that the full scale testing of all 
seven vessels was done with the intent of collecting pressure data as well as other 
information. The data was collected with the use of instrumentation by experts in the 
marine field. Following this overall review, the pressure data of the seven vessels was 
compared to ensure consistency. The intent of the data collection, the method by which it 
was collected and the results are in agreement with the current work; therefore, the 
assessment verified the quality of the secondary data and justified its use within the 
existing work. 
172 
In reference 21, the author derived pressure prediction values for multiple test 
cases by applying the characteristics of the seven test vessels, as well as sea state 
information to the ten alternative methods. The pressures predicted for these test cases are 
displayed in a table within Appendix B of reference 22. Prior to using the results as 
secondary data in this work, the values were checked for accuracy. This was 
accomplished by spot checking the pressure prediction method values and comparing the 
actual pressures and vessel data to that of the full scale test documents when applicable. 
The pressure values were found to be accurate and the vessel data displayed in the table 
matched that of their corresponding test case. In conclusion, the pressure data in 
reference 22 is been found to be of good quality and will be used to validate the 
Analytical Hierarchy Process model. 
APPENDIX C 
TRADITIONAL ANALYTICAL HIERARCHY PROCESS RESULTS 
The traditional Analytical Hierarchy Process was implemented for the seven test 
cases analyzed in Chapter VII. Before implementation, a preview sensitivity analysis was 
conducted on the model, including all ten original alternatives. In this appendix, the 
results of the preview sensitivity analysis and process verification of the traditional 
Analytical Hierarchy Process are displayed and compared to that of the modified 
Analytical Hierarchy Process used in this study. 
A preview sensitivity analysis of the traditional Analytical Hierarchy Process 
provided similar results to that of the modified process. Further evaluation of the results 
concluded that methods having a partial weight below 0.07 could be eliminated from 
further consideration as they would never receive the top ranking. Six methods were 
found to be irrelevant, the same five methods eliminated during the preview sensitivity 
analysis of the modified approach and that of DNV. The methods by Allen and Jones, 
Spencer, Spencer and Henrickson and that by the ABS were found to be credible 
alternatives that should be considered in the selection process. The partial alternative 
weights of the traditional process are shown in Table C.l. 
Verification of the process model was performed by implementing the traditional 
Analytical Hierarchy Process approach and comparing the results to that of full scale 
testing. To facilitate the comparison of the results to that of the modified Analytical 
Hierarchy Process approach, the same five alternatives were included in the hierarchical 
structure. In other words, DNV was not excluded from consideration although the 
preview sensitivity analysis indicated it could be. The traditional Analytical Hierarchy 
174 
Process and the modified Analytical Hierarchy Process chose the same alternative for the 
top ranking in all seven cases. The rankings were identical in four of the test cases; 
however, some of the lower rankings were interchanged during the remaining test cases. 
The results of the verification process are summarized in Table C.2. 
The modified Analytical Hierarchy Process selects the same top ranking as that of 
the traditional method; therefore, it will be used to further validate the hierarchical model. 
The modified approach allows the decision maker to assign a weight from a five-point 
scale instead of completing numerous pairwise comparisons, saving time and money. The 
modified Analytical Hierarchy Process also allows the alternative weights to be 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































SUPPLEMENTAL VERIFICATION DATA 
The following thirteen spreadsheets are in reference to the supplemental test cases 
discussed in Chapter VII. Information displayed in the spreadsheets is obtained from 
implementing the Analytical Hierarchy Process and from adapting the full scale testing 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































POST SENSITIVITY ANALYSIS 
A computer program was written in MATLAB in order to complete a post 
sensitivity analysis. The program's output established the incremental increase and 
incremental decrease needed by each sub-criteria weight in order to affect the rankings of 
the Analytical Hierarchy Process. It also allowed for the calculation of the relative 
change. 
The computer code calls a function to obtain the alternative matrix with regard to 
vessel specifications for the vessel under consideration. A designer would need to 
develop the alternative matrix corresponding to the new application and store it in a file 
with the same function name in order to use the program in its current form. If desired, 
the designer could modify the incremental change specified in the program. 
A spreadsheet containing the results of the post sensitivity analysis follows in 
Table E.l. Next, the computer code is provided followed by a sample output of the 
program. The output is the result of varying the sub-criteria Variables with Uncertainty in 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Post Sensitivity Analysis Computer Code 
% MATLAB program to perform sensitivity analysis of AHP 
% User inputs include the sub-criteria weight to study (? and w), 
% the incremental change (inc) and the vessel alternative matrix (d). 
clear 
% Criteria and sub-criteria weights 
Criteria = [.667, .333]; 
Subcriequ = [.545, .273, .182]; 
Subcrives = [.351, .109, .189, .351]; 
% 
% Establishing weight vector 
% Sub-criteria weights for Pressure equation 
Equwei = Criteria(l)* Subcriequ; 
% Sub-criteria weights for Vessel specifications 
Veswei = Criteria(2)* Subcrives; 
% Sub-criteria weights combined 
Subcriweights = [Equwei, Veswei]; 
% Sum of weights check: should equal 1 
Sum = sum(Equwei)+sum(Veswei); 
% 
% Sensitivity analysis 
t= Subcriweights; 
s = t; 
% Choose sub-criteria weight to analyze: t(l)= variables with uncertainty, 
% t(2)= variables with high confidence, t(3)= verification, t(4)= length, 
% t(5)= displacement, t(6)= velocity, t(7)= sea state 
trial = t(l); 
trial2 = trial; 
% set w equal to the number of sub-criteria weight: t(w) 
w = 1; 
% Choose increment change in weight 
inc = 0.01; 
% Weight of each alternative wrt pressure equation 
Altequ = [.261,.129,.261,.129,.063, 
.261,.513,.261,.513,.513, 
.261,.063,.063,.063,.063,]; 
% Choose test data set to call (if more than one) from the function TestData5 
d = l ; 
% Function called to retrieve alternative weights wrt vessel specifications 
Altves = TestData5(d); 
% Global weight of AHP 
G = (t( 1,1:3)* Altequ + t(l,4:7)* Altves); 
S = sum(G); 
Alternative=' A&J, Spencer, S&H, ABS, DNV' 
Global = G/S 
% Global weight of modified weights- increasing weight by an increment 
while (trial < (1-inc)) 
sum2 = Sum - trial; 
fork =1:1:7 
ifk~= w 
t(k) = (t(k)-(t(k)/sum2 * inc)); 
else t(k) = (trial + inc); 
end 
end 
trial = trial + inc; 
% Overall weight of pressure equation 
Equwei = t(l,l:3)*Altequ; 
% Overall weight of vessel characteristics 
Veswei = t(l,4:7)*Altves; 
% Compute global weight 
Gl = Equwei + Veswei; 
51 =sum(Gl); 
Globall=Gl/Sl 
% Check point: should equal 1 
SUM1 = sum(Globall); 
end 
k = 0; 
% Global weight of modified weights- decreasing the weight by an increment 
while (trial2 > inc) 
sum3 = Sum - trial2; 
fork= 1:1:7 
ifk~= w 
s(k) = (s(k)+(s(k)/sum3 * inc)); 
else s(k) = (trial2 - inc); 
end 
end 
trial2 = trial2 - inc; 
% Overall weight of pressure equation 
Equwei = s(l,l:3)*Altequ; 
% Overall weight of vessel characteristics 
Veswei = s(l,4:7)*Altves; 
% Compute global weight 
G2 = Equwei + Veswei; 
52 = sum(G2); 
Global2 = G2/S2 
SUM2 = sum(Global2); 
end 
Computer Code for Function Containing Vessel Specification Weights 
% File to store alternative weights wrt vessel specification 
function Altves = TestData5 (d); 
d; 
i f d = l ; 
Altves = [ .034, .034, .034, .513, .034, 
.034, .129, .129, .261, .513, 
.513, .513, .513, .513, .513, 
.513, .513, .513, .261, .261]; 
elseif d = 2 
Altves = [ .034, .034, .034, .513, .034, 
.034, .063, .034,.261, .513, 
.063, .034, .034, .034, .261, 
.513, .129, .129, .261,.261]; 
End 
Post Sensitivity Analysis Computer Code Output 
E D U » SA AHP 
Alternative = A&J, Spencer, S&H, ABS, DNV 
Global = 0.2154 0.1974 0.1990 0.2222 0.1660 
Global 1 = 0.2164 0.1969 0.2002 0.2215 0.1651 
Globall = 0.2174 0.1964 0.2014 0.2207 0.1641 
Globall= 0.2184 0.1959 0.2026 0.2200 0.1631 
Globall = 0.2194 0.1955 0.2038 0.2192 0.1621 
Globall = 0.2204 0.1950 0.2050 0.2185 0.1611 
Globall = 0.2215 0.1945 0.2062 0.2177 0.1601 
Globall = 0.2226 0.1940 0.2075 0.2169 0.1591 
Globall = 0.2236 0.1935 0.2087 0.2161 0.1580 
Globall = 0.2247 0.1930 0.2100 0.2153 0.1570 
Globall = 0.2258 0.1925 0.2113 0.2145 0.1559 
Globall = 0.2269 0.1919 0.2126 0.2137 0.1548 
Globall = 0.2280 0.1914 0.2139 0.2129 0.1538 
Globall = 0.2292 0.1909 0.2152 0.2121 0.1527 
Globall = 0.2303 0.1903 0.2166 0.2112 0.1516 
Globall = 0.2315 0.1898 0.2179 0.2104 0.1504 
Globall = 0.2326 0.1892 0.2193 0.2095 0.1493 
Globall = 0.2338 0.1887 0.2207 0.2087 0.1481 
Globall = 0.2350 0.1881 0.2221 0.2078 0.1470 
Globall = 0.2362 0.1875 0.2235 0.2069 0.1458 
Globall = 0.2375 0.1870 0.2250 0.2060 0.1446 
Globall = 0.2387 0.1864 0.2264 0.2051 0.1434 
Globall = 0.2400 0.1858 0.2279 0.2042 0.1422 
Globall = 0.2412 0.1852 0.2294 0.2032 0.1410 
Globall = 0.2425 0.1846 0.2309 0.2023 0.1397 
198 
Global 1 = 0.2438 0.1840 
Global 1 = 0.2451 0.1834 
Global 1 = 0.2465 0.1827 
Global 1 = 0.2478 0.1821 
Globall= 0.2492 0.1815 
Globall= 0.2506 0.1808 
Global 1 = 0.2520 0.1801 
Global 1 = 0.2534 0.1795 
Globall = 0.2548 0.1788 
Global 1 = 0.2563 0.1781 
Globall = 0.2577 0.1774 
Globall = 0.2592 0.1767 
Globall = 0.2607 0.1760 
Globall = 0.2623 0.1753 
Globall = 0.2638 0.1746 
Globall = 0.2654 0.1738 
Globall = 0.2670 0.1731 
Globall = 0.2686 0.1723 
Globall = 0.2702 0.1716 
Globall = 0.2719 0.1708 
Globall = 0.2735 0.1700 
Globall = 0.2752 0.1692 
Globall = 0.2770 0.1684 
Globall = 0.2787 0.1676 
Globall = 0.2805 0.1667 
Globall = 0.2823 0.1659 
Globall = 0.2841 0.1650 
Globall = 0.2860 0.1642 
0.2324 0.2013 0.1385 
0.2340 0.2004 0.1372 
0.2355 0.1994 0.1359 
0.2371 0.1984 0.1346 
0.2387 0.1974 0.1333 
0.2403 0.1964 0.1319 
0.2420 0.1953 0.1306 
0.2436 0.1943 0.1292 
0.2453 0.1933 0.1278 
0.2470 0.1922 0.1264 
0.2487 0.1911 0.1250 
0.2505 0.1900 0.1235 
0.2523 0.1889 0.1221 
0.2541 0.1878 0.1206 
0.2559 0.1866 0.1191 
0.2577 0.1855 0.1176 
0.2596 0.1843 0.1160 
0.2615 0.1831 0.1145 
0.2634 0.1819 0.1129 
0.2653 0.1807 0.1113 
0.2673 0.1795 0.1097 
0.2693 0.1783 0.1080 
0.2713 0.1770 0.1064 
0.2734 0.1757 0.1047 
0.2754 0.1744 0.1029 
0.2776 0.1731 0.1012 
0.2797 0.1717 0.0994 
0.2819 0.1704 0.0976 
199 
Globall = 0.2878 0.1633 0.2841 0.1690 0.0958 
Globall = 0.2897 0.1624 0.2863 0.1676 0.0940 
Globall = 0.2917 0.1615 0.2886 0.1662 0.0921 
Globall = 0.2936 0.1605 0.2909 0.1648 0.0902 
Globall = 0.2956 0.1596 0.2932 0.1633 0.0883 
Globall = 0.2976 0.1587 0.2955 0.1618 0.0863 
Globall = 0.2997 0.1577 0.2980 0.1603 0.0844 
Globall = 0.3018 0.1567 0.3004 0.1588 0.0823 
Globall = 0.3039 0.1557 0.3029 0.1572 0.0803 
Globall = 0.3060 0.1547 0.3054 0.1557 0.0782 
Globall = 0.3082 0.1537 0.3079 0.1541 0.0761 
Global2= 0.2144 0.1978 0.1979 0.2229 0.1670 
Global2= 0.2134 0.1983 0.1967 0.2236 0.1679 
Global2= 0.2124 0.1987 0.1956 0.2244 0.1689 
Global2= 0.2115 0.1992 0.1945 0.2251 0.1698 
Global2= 0.2105 0.1996 0.1934 0.2258 0.1707 
Global2= 0.2096 0.2001 0.1923 0.2264 0.1716 
Global2= 0.2087 0.2005 0.1912 0.2271 0.1725 
Global2= 0.2078 0.2009 0.1901 0.2278 0.1734 
Global2= 0.2068 0.2014 0.1890 0.2285 0.1743 
Global2= 0.2059 0.2018 0.1880 0.2291 0.1751 
Global2= 0.2051 0.2022 0.1869 0.2298 0.1760 
Global2= 0.2042 0.2026 0.1859 0.2304 0.1769 
Global2= 0.2033 0.2030 0.1849 0.2311 0.1777 
Global2= 0.2024 0.2034 0.1839 0.2317 0.1785 
Global2= 0.2016 0.2038 0.1829 0.2323 0.1794 
Global2= 0.2007 0.2042 0.1819 0.2329 0.1802 
Global2= 0.1999 0.2046 0.1809 0.2336 0.1810 
200 
Global2= 0.1991 0.2050 0.1799 0.2342 0.1818 
Global2= 0.1982 0.2054 0.1789 0.2348 0.1826 
Global2= 0.1974 0.2058 0.1780 0.2354 0.1834 
Global2 = 0.1966 0.2062 0.1770 0.2360 0.1842 
Global2= 0.1958 0.2066 0.1761 0.2366 0.1850 
Global2= 0.1950 0.2069 0.1752 0.2371 0.1857 
Global2= 0.1942 0.2073 0.1743 0.2377 0.1865 
Global2= 0.1935 0.2077 0.1733 0.2383 0.1872 
Global2= 0.1927 0.2080 0.1724 0.2389 0.1880 
Global2= 0.1919 0.2084 0.1715 0.2394 0.1887 
Global2= 0.1912 0.2087 0.1706 0.2400 0.1895 
Global2= 0.1904 0.2091 0.1698 0.2405 0.1902 
Global2= 0.1897 0.2095 0.1689 0.2411 0.1909 
Global2= 0.1889 0.2098 0.1680 0.2416 0.1916 
Global2= 0.1882 0.2101 0.1672 0.2421 0.1923 
Global2= 0.1875 0.2105 0.1663 0.2427 0.1930 
Global2= 0.1868 0.2108 0.1655 0.2432 0.1937 
Global2= 0.1860 0.2112 0.1646 0.2437 0.1944 
Global2= 0.1853 0.2115 0.1638 0.2442 0.1951 
201 
Post Sensitivity Analysis Results for the Case Above 
The incremental increase and incremental decrease needed to change the rankings 
of the alternatives can be identified from the output. In the first line, the order in which 
the normalized global weights are displayed is shown by listing the alternatives. In the 
next line, Global displays the results of the Analytical Hierarchy Process. Following this, 
the increments are being applied one step at a time with the results displayed as Global 1 
and Global2. Global 1 results show the new global weights as the chosen sub-criterion is 
being increased by 0.01, and Global2 results show the new global weights as the chosen 
sub-criterion is being decreased by 0.01. It can be seen that an increment of 0.04 causes 
the top ranking to change from ABS to Allen and Jones as indicated by the first gray box 
(created here for clarity). No incremental decrease caused a change in the top ranking. 
The ABS always received the top ranking, even as the sub-criteria reached a value near 0, 
as shown by the second gray box above (created here for clarity). 
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